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Abstract 
Reproductive success of organisms is influenced by life-history traits such as growth 
and reproductive effort, yet little is known about the proximate factors that influence the 
allocation of resources to different traits, and how these factors interact. I experimentally 
investigated the influence of several proximate factors on investment in life-history traits of 
juvenile and adult mountain bluebirds (Sialia currucoides), an altricial, cavity nesting 
passerine. 
Supplemental carotenoids enhanced immune response of nestlings, and allowed 
nestlings that were parasitized by blow fly larvae (Protocalliphora spp.) to gain body mass 
more quickly compared to parasitized nestlings that did not receive supplemental 
carotenoids. When parasites were removed from nests, however, no benefits of carotenoid 
supplementation were evident. This indicates that, although trade-offs between growth and 
immunity in nestling birds are functionally driven by limitations in the availability of dietary 
nutrients, these trade-offs are mediated by ectoparasite exposure. Within broods, 
supplemental carotenoids enhanced immunity of all but the last-hatched nestling, suggesting 
that this junior nestling may represent a low-cost resource for parasites. Removal of 
ectoparasites from nests, however, disproportionately benefited nestlings positioned in the 
middle of the size hierarchy at hatching, suggesting that parasites balance host defense 
against nutritional value. 
In many species, annual reproductive investment may include multiple breeding 
attempts within a season. In each attempt, females may also select social and/or extra-pair 
mates. Simultaneous manipulations of timing of hatch of first clutches and food availability 
throughout first breeding attempts showed that female bluebirds were more likely to double-
ii 
brood when food availability was high, and that the probability of younger or lower-quality 
females double-brooding depended on the timing of first breeding attempts. Enhanced food 
availability in first broods also reduced the probability of extra-pair paternity in second 
broods, suggesting that females did not seek extra-pair fertilizations when they perceived 
their social mate to be of high quality. Offspring sired by bluer males grew longer primary 
feathers prior to fledging, but only under relatively benign rearing conditions, and this 
context-dependence of phenotypic expression of genetic quality suggests that extra-pair 
mating may represent a genetic 'bet-hedging' strategy by females in response to gene-by-
environment interactions. 
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1. General Introduction 
Reproductive success of organisms is influenced by life-history traits such as growth, 
age, size at maturity, and reproductive effort (Stearns 1992), yet relatively little is known 
about the proximate factors that influence the relative allocation of resources to these 
different traits (Stearns 2000). Variation in life-history traits partly reflects the ability of 
individuals to adjust their phenotypic response to environmental conditions (reaction norms; 
Brommer 2000), but is more generally suggested to be the product of interactions among 
environmental and intrinsic (e.g. physiological) factors (Stearns 2000). Thus, to understand 
variation in reproductive success among individuals that is mediated by variation in life-
history traits, it is necessary to identify external selective pressures acting on the expression 
of these traits, as well as the limitations on phenotypic response that are driven by intrinsic 
trade-offs and constraints (Stearns 2000). 
Patterns of life-history trait investment may be influenced by different proximate 
factors during each stage of the life cycle of an organism; for example, investment of 
resources into somatic growth during early development may generate trade-offs with 
investment in immune response (Soler et al. 2003), whereas individuals of reproductive age 
may experience energetic trade-offs between immunity and reproductive investment (Ardia 
2005). In addition to these intrinsic trade-offs, some environmental or ecological constraints 
may similarly be experienced only during specific life stages. For example, some nest-
dwelling parasites feed only on nestling birds (e.g. Protocalliphora spp.; Sabrosky et al. 
1989), and so can have important implications for growth and size at maturity, but no direct 
effects on individuals of reproductive age. A comprehensive understanding of factors 
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influencing patterns of life-history trait variation therefore requires the examination of 
responses of organisms to external selective pressures over multiple stages of the life cycle. 
Avian models have been especially important in the development of life history 
theory, particularly in explaining variation in reproductive effort (e.g. clutch size; Lack 1947, 
Skutch 1949). Among altricial species, there exists a discrete juvenile phase during which the 
young are confined to the nest and investment in growth may be constrained by conditions 
unique to the nest environment (e.g. microclimate, Dawson et al. 2005a; ectoparasites, Heeb 
et al. 2000). Altricial bird species therefore provide the opportunity to examine patterns of 
investment in life-history traits during early development, as well as investment patterns 
throughout adulthood. In this thesis, I use an altricial passerine as a model to examine 
proximate factors influencing investment in life-history traits during both of these life stages. 
The specific goals of my research were to investigate how nutritional factors allow nestling 
birds to compensate for detrimental effects of ectoparasites during early development, and 
how these effects are distributed within avian broods, the role of environmental conditions 
and interactions with individual quality or age in determining annual fecundity of female 
birds, and causes and consequences of extra-pair mating in socially monogamous species. 
1.1 Study Area and Study Species 
I studied a population of mountain bluebirds (Sialia currucoides) breeding in nest 
boxes in the Interior Douglas-Fir (IDF) ecoregion south of Williams Lake, B.C. (51°N, 
122°W) from 2006-2009. The study area consists of habitat typical of the IDF, and is 
dominated by open arid grassland with patches of large mature Douglas-fir {Pseudotsuga 
menziesii). In 2006, the site contained 72 pairs of nest boxes mounted on fence posts; this 
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was increased to 87 pairs beginning in 2007. Paired boxes were spaced approximately 5 m 
apart, and adjacent pairs were separated by approximately 150 m. Up to 80 pairs of bluebirds 
bred in the boxes at the site during each year of this study. 
Mountain bluebirds are migratory, secondary cavity nesting passerines that breed 
throughout western Canada and the United States (Power and Lombardo 1996). Adults are 
sexually dimorphic in plumage colour, as well as in some measures of size, with breeding 
males displaying brighter blue plumage (Power and Lombardo 1996) and having longer wing 
and tail feathers than females (E. O'Brien, unpublished data). This species is especially 
appropriate for investigating patterns of investment in life history traits, and in particular for 
addressing the specific goals of this thesis, for several reasons. Nestlings are parasitized by 
blow fly larvae {Protocalliphora spp.; Power and Lombardo 1996) and to a lesser extent by 
avian fleas and mites (E. O'Brien, pers. obs.); because mountain bluebirds readily use nest 
boxes, nest contents are accessible and hence nest-dwelling parasites are easily manipulated. 
Sex of nestling bluebirds can be determined by the colour of the wing and tail feathers prior 
to fledging (Power and Lombardo 1996), so sex differences in investment trade-offs or 
sensitivity to specific environmental conditions can be easily assessed using data collected in 
the field. As many as half of the pairs that successfully fledge young from their first brood 
produce a second brood in the same breeding season (Power and Lombardo 1996), and this 
generates considerable variation in annual fecundity among females. Finally, although this 
species is socially monogamous, as with many passerines, extra-pair paternity has been 
reported to occur (Monk 1999) and may in fact be quite common within populations 
(Balenger et al. 2009a; see also Chapter 5). It is therefore possible to investigate factors 
associated with female multiple mating within a breeding season. 
3 
1.2 General Objectives 
1.2.1 Growth - immunity trade-offs: The role of parasites and carotenoids 
Nest-dwelling ectoparasites can have detrimental effects on growth of nestling birds 
(Simon et al. 2004). Exposure to parasites increases investment in immune function by hosts 
(Lindstrom et al. 2004); however, the effectiveness of the immune response is dependent on 
the availability of critical nutrients (Lochmiller et al. 1993; M0ller et al. 2000), particularly 
dietary antioxidant compounds such as carotenoids (e.g. Saino et al. 2003). The same 
antioxidants are also important for reducing the damaging effects of metabolic processes 
such as growth (Hofmann and Eichele 1994). Thus, if nestling birds face a trade-off between 
investment of antioxidants in immune response and somatic growth, their ability to maintain 
rapid growth rates will be constrained by the availability of dietary carotenoids, combined 
with the severity of immune challenges (such as parasitism) experienced during 
development. Although there has been considerable research focused on the separate effects 
of carotenoids and parasites on performance of nestling birds, the potential interaction 
between these factors has not been explored. By combining parasite removal and carotenoid 
supplementation treatments, I examined the role of dietary carotenoids in mediating the 
effects of parasites on the trade-off between growth and immunity in nestling bluebirds. The 
results of this experiment are presented in Chapter 2. This manipulation also allowed me to 
investigate the relative impacts of parasites and investment in immunity among nestlings 
within broods. In Chapter 3,1 test several hypotheses regarding the predicted within-brood 
distribution of parasites on nestling birds in relation to size hierarchies established by the 
asynchronous hatching of eggs within a clutch. 
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1.2.2 Factors influencing annual fecundity of female birds 
Within a breeding attempt, female birds may be limited by the number of young they 
can produce; however, by initiating a second clutch after fledging young from their first 
brood, females can significantly increase their annual reproductive success (Roff 1992). 
Female birds that invest in multiple broods within a season are commonly older, initiate their 
first broods earlier, and may also obtain higher quality territories relative to single-brooded 
females (e.g. Ogden and Stutchbury 1996; Nagy and Holmes 2005a). There is considerable 
experimental evidence that food availability is an important determinant of multiple brooding 
in several passerines (e.g. Simons and Martin 1990; Nagy and Holmes 2005b); however, to 
my knowledge, no manipulative studies have attempted to simultaneously distinguish among 
food, timing, and female age or quality as proximate factors influencing the probability of 
double brooding in birds. In Chapter 4,1 present results of a study conducted over two years 
(2007-2008), in which I combined a hatching date manipulation with food supplementation 
throughout the first breeding attempt, and documented subsequent breeding attempts by 
females within the same breeding season. This design allowed me to examine the 
independent effects of food availability and timing of breeding, as well as their interactions 
with female age or quality (estimated by a female's natural clutch initiation date), on the 
probability of double brooding, and hence on annual fecundity of female bluebirds. 
1.2.3 Causes and consequences of extra-pair mating 
For sexually reproducing organisms, the decision of whom to mate with can have 
significant fitness implications. At minimum, this decision determines half of the genetic 
composition of offspring; in species with biparental care, a chosen social mate can also 
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contribute significantly to the rearing of offspring. In socially monogamous bird species, 
there is now considerable evidence that female mate choice is not restricted to selection of a 
single male; rather, females may select both social and extra-pair mates within a single 
breeding attempt (Griffith et al. 2002), and this has lead to numerous studies investigating the 
predictors of male extra-pair mating success (reviewed in Westneat and Stewart 2003). In 
some sexually dichromatic species, including mountain bluebirds, degree of plumage 
ornamentation predicts male extra-pair fertilization (EPF) success (e.g. M0ller and Birkhead 
1994; Albrecht et al. 2009; Balenger et al. 2009a), suggesting that females may select extra-
pair mates according to the quality of these ornamental traits. However, traits that predict 
EPF success may be either positively (e.g. van Dongen and Mulder 2009) or negatively 
associated with the ability of males to maintain paternity in their own nest (McFarlane et al. 
2009). Recent evidence also suggests that traits important for predicting whether a male bird 
gains extra-pair paternity in other nests may be entirely different from those predicting loss 
of paternity in his own nest (Lehtonen et al. 2009), yet this distinction has rarely been 
investigated. Moreover, the majority of studies have focused exclusively on ornamental traits 
of males as predictors of extra-pair paternity success; comparatively few have examined the 
influence of ecological factors on patterns of paternity in birds, despite their potentially 
significant effects on male and female mating behaviour (Westneat and Stewart 2003). In 
Chapter 5,1 use data from the two-year supplemental feeding experiment (described in 
Chapter 4) to examine the influence of food availability throughout first broods on the 
probability of males losing paternity in second broods. This provides insight into the 
potential importance of the ecological factors that influence the probability of female birds 
seeking extra-pair fertilizations. 
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Because male plumage ornamentation is associated with extra-pair fertilization 
success (e.g. Bitton et al. 2007; Chapter 5), and females of most species appear to gain only 
paternal genes from extra-pair fertilizations, it is generally assumed that more elaborately 
ornamented males are of higher genetic quality, and should in turn sire offspring of higher 
quality. However, gene-by-environment interactions (GEI) may render male indicator traits 
unreliable by generating environmentally-contingent phenotypes (Greenfield and Rodriguez 
2004), and female multiple mating has been suggested to be a response to this signal 
unreliability (Yasui 1998). Despite this, there have been few tests, particularly under 
experimentally manipulated rearing conditions, of the reliability of male ornamental traits as 
signals of genetic quality, and the linkage between these traits and offspring quality. In 
Chapter 6,1 use three years of paternity data, combined with the two-year food 
supplementation experiment (described in Chapter 4), to test the hypothesis that female birds 
seek extra-pair fertilizations, not just to obtain good genes, but more specifically as a 
"genetic bet-hedging" strategy in response to GEI-mediated unreliability of male phenotypic 
indicator traits. I first examine the relationship between male plumage colour and nestling 
quality (mass and flight feather length) prior to fledging, focusing specifically on offspring 
that were raised by an unrelated male, but for whom the genetic father was known (i.e. extra-
pair offspring with known genetic fathers, and within-pair offspring that were included in the 
clutch exchange experiment in 2007-2008, described in Chapter 4). This approach allowed 
me to separate genetic effects on offspring phenotype from potential environmental 
influences that may be naturally correlated with male ornamentation (e.g. Keyser and Hill 
2000). In the second component of this chapter, I use comparisons between maternal half-
siblings produced during the supplemental feeding manipulation (2007-2008) to determine 
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experimentally whether the relative performance of extra-pair offspring compared to their 
maternal half-siblings is dependent on environmental conditions experienced during 
development, and hence, whether extra-pair paternity in bluebirds may represent a form of 
genetic bet-hedging by females in response to this environmental contingency. 
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2. Parasite-mediated growth patterns and nutritional constraints in a cavity-nesting 
bird 
2.1 Abstract 
Trade-offs between growth and immunity of nestling birds can be influenced by 
parasites, but the magnitude of these effects may depend on the availability of critical dietary 
nutrients. Due to their importance for both immune system function and growth, dietary 
carotenoids have the potential to mediate parasite-induced developmental strategies of avian 
hosts. I investigated the effects of ectoparasitic blow flies {Protocalliphora spp.) and dietary 
carotenoids (lutein and zeaxanthin) on immune function and patterns of growth in nestling 
mountain bluebirds (Sialia currucoides) by combining parasite removal and carotenoid 
supplementation treatments in a 2 x 2 design. Supplemental carotenoids enhanced nestlings' 
T-cell mediated immune response following intradermal injection of phytohaemagglutinin. 
The effect of carotenoid supplementation on rate of mass gain depended on whether broods 
were exposed to parasites: among parasitized broods, those receiving supplemental 
carotenoids gained mass more rapidly than non-supplemented broods, whereas there was no 
effect of supplemental carotenoids on growth of mass in broods that had parasites removed. 
This suggests that additional dietary carotenoids allowed nestlings to compensate for the 
otherwise detrimental effects of parasites on mass gain. For length of the eighth primary 
feather at fledging, early and late broods differed in their response to parasitism: early broods 
showed an increase in feather length when parasites were removed, while nestlings in late 
broods had shorter feathers in the absence of parasites. I suggest that this may reflect within-
season variation in parasite-mediated growth strategies of nestlings. Maternal condition was 
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positively associated with mass, condition and rate of feather growth of offspring under all 
conditions, and also influenced nestling immunocompetence, but only in the absence of 
parasites. I conclude that dietary carotenoids alleviate some of the detrimental effects of 
parasites on nestling birds; however, parasites also appear to specifically influence other 
growth and resource allocation strategies, and possibly constrain maternal or genetic effects 
on offspring phenotype, irrespective of dietary carotenoid availability. 
2.2 Introduction 
Nest-dwelling ectoparasites of birds may compromise development of nestlings 
(Brown et al. 1995; Simon et al. 2004) and reduce the reproductive success and condition of 
breeding birds. Blow flies {Protocalliphora spp.) have been shown to have particularly 
detrimental effects on nestlings, despite evidence that parents may attempt to compensate for 
parasitism by increasing feeding rates (Tripet and Richner 1997). Nestlings may be adversely 
affected by parasites such as Protocalliphora because of the direct loss of nutrients and 
reduced metabolic capacity resulting from parasite feeding activities (Simon et al. 2004). 
Interestingly, there is some evidence that parents not only increase feeding rates, but also 
adjust the composition of food provisioned to nestlings in the presence of blow flies 
(Bahbura et al. 2004). This suggests that parents may attempt to increase the intake of 
limiting nutrients by parasitized nestlings; however, few studies have examined the 
importance of specific nutrients for the ability of nestling birds to withstand the effects of 
parasitism. 
Exposure to parasites increases investment in immune function by hosts (reviewed in 
Sheldon and Verhulst 1996; Lindstrom et al. 2004), but the effectiveness of the immune 
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response is dependent on availability of critical nutrients (e.g. Lochmiller et al. 1993). 
Antioxidant compounds such as carotenoids, which are acquired by animals from the diet 
(Goodwin 1984), may be particularly important because of their limited availability and the 
essential role they play in immune system function (e.g. Saino et al. 2003). Antioxidants are 
also required to combat oxidative stress associated with metabolic activity, including 
reproductive effort (Bertrand et al. 2006) and growth (Hofmann and Eichele 1994). These 
competing demands for carotenoids may partly explain the observation that increased 
immune response of nestlings is associated with reduced allocation to growth (Soler et al. 
2003), and may similarly explain the reduction in growth of nestlings exposed to parasites, 
because this represents an immune challenge (Bize et al. 2003). In addition, parasites may 
influence specific patterns of resource allocation among different tissues (Saino et al. 1998; 
Szep and Moller 1999), and these parasite-induced allocation strategies of nestlings may 
depend on the availability of critical nutrients such as carotenoids. Thus, if nestling birds face 
a trade-off between investment of antioxidants in immune response and metabolic processes 
such as growth, their ability to maintain rapid growth rates will be constrained by the 
availability of carotenoids, combined with the severity of immune challenges (such as 
parasitism) experienced during development. 
Maternally derived carotenoids deposited in egg yolk affect immunocompetence of 
nestling birds (Saino et al. 2003), and may provide protection from oxidative tissue damage 
during hatching (Surai and Speake 1998). However, enhancement of yolk carotenoids does 
not appear to afford nestlings greater resistance to parasitism (Berthouly et al. 2007). Some 
of the variation in immunocompetence among avian broods can also be attributed to variation 
in the amount of dietary carotenoids available throughout the nestling period (Cucco et al. 
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2006). Consequently, when nestlings are exposed to parasites that have significant effects on 
growth, carotenoids in the diet may be of particular importance in mediating these impacts 
via enhanced anti-parasite immune defenses. To my knowledge, only one study has 
examined the role of dietary carotenoids in mediating the effects of parasites on nestling 
birds; however, this study reported no effects of the manipulated parasite, hen fleas 
{Ceratophyllus gallinae), on their host, nestling great tits {Parus major), regardless of 
carotenoid availability (Tschirren et al. 2003). Moreover, great tits exhibit carotenoid-
dependent plumage colouration as nestlings, and appear to preferentially invest dietary 
carotenoids in feathers (Tschirren et al. 2003); this creates additional nutritional demands that 
may obscure trade-offs between investment of carotenoids in growth and immunity (Peters et 
al. 2007; but see Fitze et al. 2007). 
The objective of this study was to experimentally investigate the effects of 
ectoparasitic blow flies and dietary carotenoids on patterns of growth in nestling mountain 
bluebirds {Sialia currucoides). Although no studies have examined the impacts of blow fly 
parasitism on mountain bluebirds, their larvae are common parasites of nestlings of this 
species (Power and Lombardo 1996), and a recent experimental study of eastern bluebirds 
{Sialia sialis) demonstrated that blow flies compromise some measures of nestling health and 
growth (Hannam 2006). Blow flies therefore have the potential to influence trade-offs 
between growth and immunity. I predicted that allocation of resources to different tissues by 
nestling mountain bluebirds would depend on the presence of parasites, and, if the ability of 
nestlings to simultaneously resist parasites and maintain rapid growth is limited by the 
availability of carotenoids in the diet, the effects of parasites on growth of nestlings would be 
less evident in carotenoid supplemented than control broods. 
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2.3 Methods 
2.3.1 Study area, species and general field procedures 
This study was conducted in 2006 on a population of mountain bluebirds breeding in 
nest boxes in central British Columbia, Canada (51°N, 122°W). The study area consists of 
open arid grassland with patches of large mature Douglas-fir {Pseudotsuga menziesii). The 
site contained 72 pairs of nest boxes mounted on fence posts. Paired boxes were spaced 
approximately 5 m apart, and adjacent pairs were separated by approximately 200 m. 
Beginning in late April, nests were checked every other day to determine clutch initiation 
date and clutch size. The average incubation period for mountain bluebirds is 13 days (Power 
and Lombardo 1996), and completed clutches were therefore checked daily beginning 12 
days after clutch completion to determine hatching date (designated nestling day 0). On day 
1, nestlings were weighed (nearest 0.01 g) using an electronic scale, and their tarsi were 
marked with unique colour combinations using a non-toxic pen, so that individuals could be 
identified throughout the nestling period. From days 3 to 15, nests were visited every other 
day to determine nestling mass (nearest 0.125 g, using a spring balance), length of tarsus 
(nearest 0.01 mm, with digital callipers), and length of the longest primary feather (eighth 
primary, to the nearest 0.5 mm using a ruler). Nestlings were banded with a numbered 
aluminum band when they were 13 days old. Adults were captured in nest boxes while they 
fed nestlings, and were banded with a unique combination of three coloured plastic leg bands 
and one numbered aluminum band. I measured adult mass (nearest 0.25 g) using a spring 
balance. Length of tarsus and head-bill (nearest 0.01 mm, using digital calipers) were 
measured as indices of adult structural size. After nestlings fledged, nests were collected and 
stored in sealed bags at room temperature for 14 days; the material was then sifted to extract 
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all blow fly pupae and puparia. Previous studies of blow flies have used a similar method to 
quantify parasite abundance (e.g. Dawson et al. 2005b), and the number of pupae detected 
represents the minimum level of infestation. Although other parasites may have also been 
present in nests, blow flies commonly have the most detrimental impact on avian hosts 
because of their large biomass and the large volume of blood that they extract compared to 
other parasites (e.g. Simon et al. 2003). I therefore used the number of blow flies per nestling 
as a relative measure of parasite infestation in each nest. 
2.3.2 Parasite treatment and carotenoid supplementation 
Heating and supplementation treatments were combined in a 2 x 2 design, yielding 
four treatment combinations. Groups of four nests were matched by brood size and hatching 
date, and each nest in a group was randomly assigned to one of the four treatment 
combinations. Parasites were removed from experimental nests by heating nest material in a 
portable microwave appliance on medium power for 5 min (see Richner et al. 1993). To 
avoid moisture loss, experimental nests were placed in a sealed plastic bag prior to heating. 
Heating treatments were repeated every other day, from day 1 until day 13. Blow fly larvae 
live in the nest material, and only move up to feed on nestlings intermittently (Sabrosky et al. 
1989); consequently, physical removal of nests from boxes can result in the loss of some of 
these parasites. Control nests were therefore not removed from nest boxes so as to maintain 
natural levels of parasite infestation; however, control broods were visited at the same 
frequency as broods in heated nests. Carotenoids were obtained as commercial dietary 
supplements, consisting of beadlets containing 5% lutein and 0.2% zeaxanthin (Flora 
Manufacturing and Distributing Ltd., Canada). Supplemented nestlings each received 750 fig 
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of beadlets suspended in 0.05 ml of sunflower oil, while control nestlings received 0.05 ml of 
sunflower oil only (see Biard et al. 2006). Mock (1991) reported that nestling western 
bluebirds {Sialia mexicana) require 15 g of food per day during peak growth; as the diet of 
nestling bluebirds consists primarily of lepidopterans and orthopterans, which are estimated 
to contain 520 mg kg"1 of carotenoids (Olson 2006), each nestling consumes approximately 8 
mg of carotenoids per day. A dosage of 750 fig was therefore biologically relevant, as it 
represented approximately 10% of the maximum daily carotenoid intake of nestling 
bluebirds. Supplements were delivered to nestlings with a 1-ml syringe every 2 days, from 
day 1 until day 13. 
Parent birds may increase the rate at which they feed nestlings either in response to 
the presence of ectoparasites (Tripet and Richner 1997), or elaboration of carotenoid-based 
colouration of nestlings (e.g. gape colour; Saino et al. 2000), and this may in turn influence 
nestling performance (Saino et al. 1997). To determine whether parents altered their 
provisioning behaviour in response to either treatment, I used digital recorders to document 
nest visits by adults. Recorders were connected to small microphones, which were placed in 
nest boxes to record begging calls of nestlings. The frequency of begging bouts was used as a 
measure of the frequency of provisioning trips by adult birds (see Dawson et al. 2005a), 
although this measure did not account for variation in the amount of food delivered per nest 
visit. Recordings of at least 1 h (mean = 2.3 h, n = 42 nests) were obtained between 08:00 
and 16:00, when nestlings were 11 to 13 days old. Feeding rates did not vary with time of 
day at which recordings were obtained {r = -0.13, P = 0.41, n = 42 nests), and this measure 
was therefore not corrected for recording time. 
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2.3.3 Immunity assessment 
T-cell mediated immune response (CMI) is associated with resistance of avian hosts 
to ectoparasites (Tschirren et al. 2007). CMI of nestlings was assessed with the 
phytohaemagglutinin (PHA) skin test, a standard method for measuring the ability of birds to 
respond to a novel mitogen (Smits et al. 1999). When nestlings were 8 days old, 30 u.1 of 2 
mg/ml PHA-P (Sigma) in phosphate buffered saline was injected intradermally in the right 
wing web. Thickness of the wing web was measured using a thickness gauge (nearest 0.01 
mm) immediately before and 24.40 h (± 0.05 SE, n = 241) after injection. Each measurement 
was repeated four times, and the mean of these four measurements was used in subsequent 
calculations. CMI was initially determined as the difference in thickness of the wing web 
before and 24 h after injection (Smits et al. 1999). To control for possible growth-related 
changes in wing web thickness between measurements (J.E.G. Smits, pers. comm.), the left 
wing web was also measured before and 24 h after injection of the right wing, and this 
difference was then subtracted from the initial CMI value. The average change in thickness 
of the un-injected wing web was minimal (0.04 ± 0.002 mm), but ranged from 0-0.27 mm for 
all nestlings tested in 2006 {n = 357). 
2.3.4 Statistical analyses 
Mountain bluebirds commonly attempt second broods after successfully fledging 
young from first broods; to avoid including second breeding attempts in the analysis, I 
therefore only included nests that were initiated prior to known second broods or re-nests 
(after a failed first attempt). In addition, only nests that fledged at least one offspring were 
included in the analyses. Seven out of 57 nests failed, and the remaining 50 nests were 
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distributed among treatment combinations as follows: 14 Heat/Control Supplement, 13 
Heat/Carotenoid Supplement, 11 Control Heat/Control Supplement, and 12 Control 
Heat/Carotenoid Supplement. Growth rate constants for individual nestlings were obtained 
using a linear model for growth of eighth primary, logistic model for growth of mass, and 
Gompertz model for growth of tarsus, following Dawson et al. (2005a), and average growth 
rates were subsequently calculated for each nest. Brood means were also used in analyses of 
immunocompetence and morphometric variables. For nestlings, body condition at fledging 
was calculated as the residuals from a linear regression of body mass on tarsus length, 
because these measures were highly correlated over the entire study population {r = 0.49, 
F\je = 23.86, P <0.001). Female body condition was calculated with the same method; 
however, tarsus length was not correlated with female body mass (r = 0.14, P = 0.28, n = 62), 
and I therefore used head-bill length as a measure of structural size {r = 0.46, Fi6o= 16.39, P 
O.001). CMI was not correlated with nestling body mass {r = -0.05, P = 0.77, n = 42) or 
condition (r = -0.14, P = 0.36, n = 42) and I therefore did not correct this measure for average 
mass or body condition of nestlings. 
Analysis of covariance was used to assess the effects of parasites and dietary 
carotenoids on parental feeding rates, nestling growth, immunocompetence and 
characteristics at fledging. The heating and supplementation treatments were included as 
fixed factors; all analyses also initially included female condition, brood size and hatching 
date as covariates, as well as all first-order interactions. Non-significant terms were removed 
using a backward stepwise procedure. I was often unable to capture the attending male, and 
therefore did not include male condition as a covariate. Mean values are presented ±1 SE, all 
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statistical tests are two-tailed and the significance level was set at P = 0.05. Analyses were 
performed using SPSS (Norusis 2000). 
2.4 Results 
2.4.1 Effect of heating treatment on Protocalliphora infestation 
Control nests contained 25.8 ± 3.4 blow fly pupae (range: 0-55), while the average 
infestation of heated nests was 0.5 ± 0.3 pupae (range: 0-9; Mann-Whitney U= 18.0, P < 
0.001, n = 53 nests). The experimental manipulation was therefore effective at removing 
nest-dwelling parasites; in fact, I did not detect any blow fly pupae in the majority (23/27) of 
heated nests. In contrast, 22/23 control nests contained at least one pupa. 
2.4.2 Nestling immunocompetence 
Nestlings in carotenoid supplemented broods exhibited a stronger immune response 
than control broods (Table 2.1, Fig. 2.1). In addition, I detected a significant interaction 
between the heating treatment and female condition (Table 2.1); separate analyses of control 
and heated nests showed that females in better condition produced more immunocompetent 
offspring, but this relationship was only significant in the absence of parasites (influence of 
female condition on nestling CMI in heated nests: F\J,Q = 5.51, P = 0.029; control nests: F\t\6 
= 3.72, P = 0.072). There was no additional effect of hatching date or brood size on immune 
response of nestlings (P> 0.10). 
18 
Table 2.1. Effects of parasite and carotenoid supplementation treatments on 
immunocompetence and growth of nestling mountain bluebirds. Initial ANCOVA models 
included parasite and carotenoid treatments as fixed effects, as well as female condition, 
hatching date and brood size as covariates. Non-significant terms were removed using a 
backward stepwise procedure. Results are presented for non-significant interaction terms 
prior to their removal from the model. 
Source of variation 
CMI 
Heat 
Carotenoid 
Heat x carotenoid 
Female condition 
Heat x female condition 
Error 
Tarsus growth 
Heat 
Carotenoid 
Heat x carotenoid 
Error 
Mass growth 
Heat 
Carotenoid 
Heat x carotenoid 
Error 
Eighth primary feather growth 
Heat 
Carotenoid 
Heat x carotenoid 
Female condition 
Error 
SS 
0.001 
0.075 
0.017 
0.003 
0.126 
0.599 
0.009 
0.001 
0.002 
0.095 
0.0001 
0.001 
0.006 
0.050 
0.0001 
0.048 
0.062 
0.584 
5.079 
d.f. 
1,37 
1,37 
1,36 
1,37 
1,37 
37 
1,47 
1,47 
1,46 
47 
1,46 
1,46 
1,46 
46 
1,46 
1,46 
1,45 
1,46 
46 
F 
0.078 
4.63 
1.05 
0.17 
7.77 
4.56 
0.063 
1.04 
0.042 
0.788 
5.71 
0.001 
0.434 
0.558 
5.294 
P 
0.782 
0.038 
0.312 
0.679 
0.008 
0.038 
0.80 
0.31 
0.838 
0.379 
0.021 
0.984 
0.513 
0.459 
0.026 
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Control Carotenoid 
Fig. 2.1. T-cell mediated immune response for broods of 8 day old nestling mountain 
bluebirds provided with control supplements (Control = sunflower oil) or carotenoid 
supplements (Carotenoid = lutein and zeaxanthin in oil) throughout the nestling period. 
Values are least-square means ± SE, calculated after accounting for the influence of maternal 
condition (see text for details). Sample sizes are shown above error bars. 
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2.4.3 Effect of experimental manipulations on parental behaviour, nestling growth and 
size at fledging 
Parental feeding behaviour, measured as number of feeding visits per nestling per 
hour, was not influenced by either the heating or carotenoid supplementation treatments 
(Heat: Fij3g = 0.015, P = 0.90; Carotenoid: FU8 = 0.86, P = 0.36; Heat x carotenoid: FUi = 
2.17, P = 0.15), nor did feeding rates vary with female condition, brood size or timing of 
breeding (P > 0.10). Nestlings grew their tarsi faster in nests that had parasites removed 
(Table 2.1, Fig. 2.2); however, there was no additional effect of carotenoid supplementation 
on skeletal growth, nor was there an interaction between the treatments (Table 2.1). The 
effect of carotenoid supplementation on rate of mass gain depended on whether broods were 
exposed to parasites (Table 2.1): among parasitized broods, those receiving supplemental 
carotenoids gained mass more rapidly than non-supplemented broods (individual contrast: 
^1,21 = 4.59, P = 0.044, Fig. 2.3a), whereas there was no effect of supplemental carotenoids 
on growth of mass in broods that had parasites removed (individual contrast: F\,2s = 1 -32, P = 
0.26, Fig. 2.3b). These results suggest that additional dietary carotenoids allowed nestlings to 
compensate for the otherwise detrimental effects of parasites on mass gain. Females in good 
condition produced offspring that grew their primary feathers faster, but neither treatment 
had additional effects on rate of feather growth (Table 2.1). 
I did not detect effects of any variables on the length of tarsus at fledging (Table 2.2, 
all covariates P > 0.41). Female condition was positively associated with both mass and 
condition of nestlings prior to fledging (Table 2.2); however, these traits were not 
additionally influenced by the parasite or carotenoid treatments (Table 2.2), or by hatch date 
or brood size (P > 0.20). The parasite removal treatment interacted with hatching date in 
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Fig. 2.2. Mean (± SE) growth rate of tarsus for nestling mountain bluebirds in relation to an 
ectoparasite removal treatment, in which nests were heated to remove parasitic blow flies. 
Control nests were not manipulated, and were therefore exposed to natural levels of parasite 
infestation. Sample sizes are shown above error bars. 
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Fig. 2.3. Rate of mass gain for nestling mountain bluebirds provided with control 
supplements (Control = sunflower oil) or carotenoid supplements (Carotenoid = lutein and 
zeaxanthin in oil) throughout the nestling period. In (a) broods were exposed to natural levels 
of blow fly parasitism, while in (b) nests were heated to remove blow fly parasites. Means ± 
SE are presented, and sample sizes are shown above error bars. 
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Table 2.2. Effects of parasite and carotenoid supplementation treatments on morphological 
characteristics of nestling mountain bluebirds at day 15. Initial ANCOVA models included 
parasite and carotenoid treatments as fixed effects, as well as female condition, hatching date 
and brood size as covariates. Non-significant terms were removed using a backward stepwise 
procedure. Results are presented for non-significant interaction terms prior to their removal 
from the model. 
Source of variation 
Tarsus length 
Heat 
Carotenoid 
Heat x carotenoid 
Error 
Mass 
Heat 
Carotenoid 
Heat x carotenoid 
Female condition 
Error 
Body condition 
Heat 
Carotenoid 
Heat x carotenoid 
Female condition 
Error 
Eighth primary feather length 
Heat 
Carotenoid 
Heat x carotenoid 
Hatch date 
Heat x hatch date 
Error 
SS 
0.045 
0.001 
0.003 
8.844 
0.006 
1.749 
0.069 
13.315 
122.501 
0.027 
0.566 
0.007 
4.337 
35.961 
40.227 
3.173 
5.486 
15.420 
38.477 
368.436 
df 
1,45 
1,45 
1,44 
45 
1,44 
1,44 
1,43 
1,44 
44 
1,44 
1,46 
1,43 
1,44 
44 
1,43 
1,43 
1,42 
1,43 
1,43 
43 
F 
0.228 
0.003 
0.016 
0.002 
0.628 
0.024 
4.783 
0.032 
0.693 
0.008 
5.307 
4.695 
0.370 
0.635 
1.800 
4.491 
P 
0.635 
0.955 
0.899 
0.962 
0.432 
0.877 
0.034 
0.858 
0.410 
0.929 
0.026 
0.036 
0.546 
0.430 
0.187 
0.040 
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determining length of eighth primary feathers at fledging (Table 2.2). To explore this 
interaction further, nests were classified as "early" or "late" based on their position relative to 
the mean hatching date for all broods in the analysis. Under natural levels of parasite 
infestation (Control nests), chicks hatching early in the breeding season had significantly 
shorter flight feathers prior to fledging when compared to chicks hatching from late nests 
(individual contrast, control nests: F\je= 11.12, P = 0.004). When parasites were reduced, 
however, there was no difference in feather length between early and late broods (individual 
contrast, heated nests: F\26 - 0.83, P = 0.37; Fig. 2.4). Moreover, there was a significant 
effect of parasite removal in both early and late nests, but this effect was in opposite 
directions: among early nests, parasite removal resulted in increased feather length at 
fledging, whereas among late nests, feather length was reduced in response to parasite 
removal (Fig. 2.4). Importantly, there was no difference in the intensity of parasite infestation 
between early and late control nests (number of blow flies per nestling in early broods: 5.2 ± 
0.8, late broods: 4.0 ± 0.8; independent samples t = 0.91, d.f. = 18, P = 0.38). 
2.5 Discussion 
Carotenoid supplementation enhanced T-cell mediated immune response of nestling 
mountain bluebirds, suggesting that in this species, dietary carotenoids are important 
components of immune function, and their availability in the diet of nestlings is limited. 
Moreover, parasitized nestlings showed an enhanced rate of mass gain when provided with 
supplemental carotenoids (Fig. 2.3a); this indicates that dietary carotenoids have the potential 
to alleviate detrimental effects of parasites on nestling birds. Similar effects of dietary 
carotenoids have been reported in captive adult male greenfinches {Carduelis chloris) 
exposed to experimental immune challenges: induced immune responses were associated 
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Control Heated 
Fig. 2.4. Mean (± SE) length of eighth primary feathers of nestling mountain bluebirds at day 
15 in relation to an ectoparasite removal treatment, in which nests were heated to remove 
parasitic blow flies. Control nests were not manipulated, and were therefore exposed to 
natural levels of parasite infestation. For each experimental group, broods are separated into 
early nests (open circles) and late nests (filled circles), relative to the mean hatching date for 
all broods in the analysis. Sample sizes are shown above error bars. 
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with lower rates of mass gain, but this effect was not evident in birds that received 
supplemental carotenoids (Horak et al. 2006). To my knowledge, however, the present study 
is the first to demonstrate the capacity of dietary carotenoids to reduce the effects of natural 
stressors such as parasites on development of nestlings in a free-living population of birds. 
Although the effect of parasites on growth of mass was alleviated by supplemental 
dietary carotenoids, similar nutritional constraints were not evident in the analysis of feather 
length at fledging. Instead, nestlings produced early in the breeding season grew shorter wing 
feathers in the presence of parasites, regardless of carotenoid availability, whereas late-
hatching broods exhibited increased feather investment in response to parasitism (Fig. 2.4). 
Notably, these patterns could not be explained by seasonal differences in intensity of parasite 
infestations in control nests. Adaptive allocation to wing growth in the presence of parasites 
has been reported in several bird species (e.g. Saino et al. 1998; Szep and M0ller 1999), and 
may facilitate early fledging, though at the potential cost of feather quality (Dawson et al. 
2000). For late-hatching broods, my results provide evidence for a similar parasite-mediated 
allocation strategy in mountain bluebirds (Fig. 2.4). In contrast, for early broods, reduced 
allocation to flight feathers in the presence of parasites may be interpreted as a consequence 
of energetic constraints that are disproportionately experienced early in the breeding season 
(e.g. temperature stress; Dawson et al. 2005a). However, it is also possible that this pattern 
reflects an alternative parasite-mediated allocation strategy characteristic of early broods, 
which allows nestlings to resist parasites (e.g. by investing in immune defense), while 
avoiding future costs of accelerated growth (Metcalfe and Monaghan 2001). Indeed, early-
hatching parasitized nestlings may be less constrained from prolonging feather development 
beyond fledging, and may thereby achieve similar wing lengths at maturity relative to 
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parasitized nestlings from late broods (see Bize et al. 2003). Results of this study do not 
allow me to distinguish between these hypotheses, however, and further research is needed to 
determine the relative influence of energetic constraints and resource allocation strategies on 
parasite-mediated phenotypes of nestling bluebirds, particularly in the context of intra-
seasonal variation. 
Structural size measures such as tarsus length are highly heritable in birds (e.g. 
Gebhardt-Henrich and van Noordwijk 1991), and it is therefore not surprising that I did not 
identify any environmental variables that predicted this trait in nestling mountain bluebirds; 
however, my results indicate that blow fly parasites reduce the rate at which this final size is 
attained (Fig. 2.2). Similar effects of parasites on skeletal growth have been shown in other 
species (e.g. Szep and Moller 2000). This may represent an important cost of parasitism, 
because adult structural size is achieved during the nestling period, and more rapid skeletal 
growth may increase availability of resources for investment in other functions (e.g. feather 
growth) later in nestling development. It is also not surprising that neither rate of growth nor 
length of tarsus in this study was influenced by availability of dietary carotenoids, because 
avian skeletal growth is limited by the availability of other nutrients, namely calcium 
(Dawson and Bidwell 2005). Interestingly, however, a recent experimental study 
investigating the effects of blow flies on nestling performance in eastern bluebirds breeding 
in Pennsylvania did not report similar effects on tarsus growth in this species, despite 
considerably higher parasite loads in control nests relative to my study population (Hannam 
2006). This suggests that mountain bluebirds in central British Columbia may be more 
limited by dietary calcium availability than bluebirds in eastern North America; because this 
is unlikely to result from differences in soil calcium availability between these regions 
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(Arocena and Sanborn 1999; Lyon and Sharpe 1999), it may reflect regional (and possibly 
species) differences in diet composition that merit further investigation. 
Pre- or post-natal maternal allocation of resources can affect phenotypic traits, as well 
as immunocompetence of offspring (reviewed in Bernardo 1996; Saino et al. 2003). In this 
study, I did not detect a main effect of female condition on nestling CMI, but there was a 
significant interaction between maternal condition and the parasite treatment in this analysis 
(see Results). This interaction was explained by the fact that offspring of females in good 
condition exhibited a stronger immune response, but only in the absence of parasites (heated 
nests), whereas there was no relationship between female condition and nestling CMI in 
parasitized nests. It is noteworthy that offspring of high-quality females also grew their 
feathers faster, and were both heavier and in better condition at fledging, regardless of 
parasite load or carotenoid availability. This suggests that nestlings that were able to allocate 
more resources to somatic growth, possibly due to pre- or post-hatching maternal effects, or 
genetic effects, experienced a trade-off between growth and immune function in the presence 
of parasites. Prioritization of somatic growth over immunity by parasitized nestlings may 
represent an optimal strategy in light of such trade-offs (e.g. Soler et al. 2003), since this may 
reduce the amount of time nestlings are exposed to parasites (Saino et al. 1998). In particular, 
allocation of resources to maintenance of body mass and condition despite stressors such as 
parasites may be important, since these traits commonly predict recruitment and future 
reproductive success in birds (e.g. Merila and Wiggins 1995). 
In this study, I provide evidence that supplementation with the dietary carotenoids 
lutein and zeaxanthin enhanced the ability of nestling bluebirds to mount an immune 
response to a mitogen challenge (Fig. 2.1). Notably, however, studies of both great tits and 
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blue tits {Cyanistes caeruleus), which are unusual among birds in exhibiting carotenoid-
based plumage colouration as nestlings, failed to detect effects of these carotenoids on 
immunocompetence (Biard et al. 2006; Fitze et al. 2007). This discrepancy highlights the 
importance of recognizing the range of physiological pathways through which dietary 
carotenoids may be diverted in different species (e.g. McGraw 2005). However, since the 
majority of birds do not produce carotenoid-based plumage signals during the nestling period 
(Brush 1990), the extent to which effects of supplemental carotenoids on nestling tits can be 
extrapolated to other species is uncertain. In fact, my results indicate that dietary carotenoids 
such as lutein may indeed be invested in immune functions, providing they are not 
selectively deposited in developing feathers of nestling birds. 
Ecological stressors such as parasites exert effects on their hosts within the context of 
variation in host immune defenses and other energetic costs such as growth, which are in turn 
influenced by dietary nutrients (Norris and Evans 2000). Results of this study demonstrate 
that at least some of the detrimental impacts of ectoparasites such as blow flies can be 
alleviated when sufficient dietary carotenoids are available to their avian hosts, since nestling 
bluebirds were able to cope with parasites without compromising mass gain when they were 
provided with supplemental carotenoids. Furthermore, my results demonstrate parasite-
mediated growth patterns that, while not influenced by dietary carotenoids, suggest within-
season variation in prioritization of feather growth by nestling bluebirds in response to blow 
fly parasites. Finally, removal of nest-dwelling parasites revealed parasite-mediated trade-
offs between immune response and growth of nestlings produced by high-quality females, 
which suggests that parasites may constrain maternal effects on offspring phenotype. In 
nestling mountain bluebirds, this constraint was expressed in the maintenance of feather 
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growth and body condition at the expense of immunity, regardless of dietary carotenoid 
availability. I suggest that, while some growth processes may be maintained in parasitized 
nestlings with sufficient carotenoids in the diet, future studies should examine the role of 
other limiting nutrients in alleviating effects of parasites on growth of nestling birds, 
particularly since seasonal and geographic variation in diet composition (e.g. calcium 
availability) may influence variation in responses of avian hosts to the costs of parasitism. 
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3. Palatability of passerines to parasites: Within-brood variation in nestling responses 
to experimental parasite removal and carotenoid supplementation 
3.1 Abstract 
Asynchronous hatching of eggs in avian clutches produces a size hierarchy among 
nestlings that may lead to variation within broods in resistance to pathogens or parasites. In 
this study, I tested several predictions regarding variation in immunocompetence and 
distribution of parasites within avian broods by combining parasite removal and carotenoid 
supplementation treatments in nests of mountain bluebirds {Sialia currucoides). Last-hatched 
nestlings were less likely to invest carotenoids in an induced cell-mediated immune response, 
suggesting that they may be more susceptible to parasites; however, parasite removal 
disproportionately benefited middle-ranked nestlings. This supports the hypothesis that some 
avian ectoparasites balance host resistance against nutritional benefits by preferentially 
parasitizing nestlings of intermediate quality and immunocompetence. 1 found no evidence 
that males positioned last in the hatching sequence were differentially affected by 
ectoparasites, and, contrary to some previous studies in other passerines, last-hatched 
nestlings in asynchronously hatching broods were not less immunocompetent than their nest 
mates. In fact, junior nestlings exhibited weaker immune responses than their siblings in 
more synchronously hatching broods, and I suggest this may reflect environment-dependent 
maternal effects that warrant further investigation. Overall, my results highlight the 
importance of understanding the feeding and host selection behaviour of ectoparasites, as 
well as the fitness consequences thereof, since many predictions related to within-brood 
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distribution of parasites require that parasites are able to discern the relative quality of 
available hosts. 
3.2 Introduction 
The onset of incubation prior to clutch completion in birds results in the 
asynchronous hatching of eggs, and this hatching asynchrony (HA) produces a size hierarchy 
among nestlings within broods (Clark and Wilson 1981). A number of hypotheses have been 
proposed to explain the evolution and adaptive significance of HA; these have generally 
centered on variation in food availability during the nestling period, or constraints on females 
during incubation (reviewed in Stenning 1996). In contrast, Christe et al. (1998) suggested 
that nest-dwelling ectoparasites may be an important ecological factor maintaining HA; 
according to the tasty chick hypothesis (TCH), weight hierarchies due to HA generate within-
brood variation in immunocompetence of nestlings. The last-hatched nestling might therefore 
be "tastier" (i.e. less able to mount an effective immune response) to parasites compared to 
its siblings, resulting in the sacrifice of this nestling to parasites for the benefit of the brood 
(Christe et al. 1998). 
Two of the central predictions of the TCH are that body mass or condition of 
nestlings should directly influence their immunocompetence, and secondly, parasites should 
preferentially aggregate on smallest, late-hatched nestlings. Consistent with the first 
prediction, last-hatched nestling house martins {Delichon urbica) were in poorer condition, 
exhibited reduced immunocompetence, and were more likely to die relative to their senior 
siblings (Christe et al. 1998). Supporting the second prediction, blow fly {Protocalliphora 
spp.) larvae in nests of blue tits {Cyanistes caeruleus) were more likely to parasitize smaller, 
33 
last-hatched nestlings (Simon et al. 2003). However, last-hatched nestlings of some species 
exhibit more robust immune systems than their larger siblings, despite being in poorer 
condition (e.g. Saino et al. 2001; Parejo et al. 2007), and there is increasing evidence that 
many parasites do not selectively feed on smallest nestlings within avian broods. For 
example, experimental removal of last-hatched nestlings from broods in a heavily parasitized 
population of blue tits did not have a detrimental effect on the remaining senior siblings 
(Descamps et al. 2002). In addition, haematophagous flies {Carnus hemapterus) 
preferentially aggregated on larger hosts in broods of the European bee-eater {Merops 
apiaster; Valera et al. 2004), and louse-flies {Crataerina melbae) also differentially 
parasitized senior nestling alpine swifts {Apus melba; Roulin et al. 2003), suggesting no 
parasite-mediated disadvantage for small, late-hatched nestlings in these host-parasite 
systems. The value of the TCH as a general explanation for the evolution and maintenance of 
avian HA in the presence of ectoparasites therefore remains uncertain. 
According to the TCH, more asynchronously hatching clutches should exhibit greater 
variation in within-brood immunocompetence, and last-hatched nestlings in particular should 
be less immunocompetent relative to their nest mates as the degree of HA increases. 
However, maternal allocation of resources to eggs within a clutch often varies predictably 
over the laying sequence, and last-hatched nestlings may exhibit physiological differences 
compared to earlier-hatched nest mates as a result of differential maternal investments, 
independent of their position in the size hierarchy of the brood (Parsons 1975; Badyaev et al. 
2002). Yolk androgens have been shown to enhance growth but reduce T-cell mediated 
immunocompetence of nestling birds (Navara et al. 2005; but see Navara et al. 2006), 
whereas antioxidants generally have immune stimulating effects (Saino et al. 2003; Biard et 
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al. 2007). Females of many bird species allocate more androgens (e.g. testosterone), and may 
simultaneously reduce investment of antioxidants, such as carotenoids, in yolk of eggs 
positioned late in the laying sequence (Royle et al. 2001; Groothius and Schwabl 2002), and 
under these conditions last-hatched nestlings exhibit reduced immunity relative to their 
senior nest mates (e.g. Miiller et al. 2003). This pattern of within-brood variation in 
immunocompetence is consistent with predictions of the TCH, and may lead to the 
aggregation of parasites on last-hatched nestlings, but does not necessarily depend on the 
degree of HA or variation in body condition within the brood. Such a pattern can therefore 
not be taken as evidence supporting the TCH, unless a specific influence of HA on relative 
immunity of last-hatched nestlings is also demonstrated. 
Maternal effects due to yolk androgen investment may be compounded in male 
offspring by endogenous hormone production and/or increased sensitivity to androgens (e.g. 
via higher receptor density on target tissues; Sockman et al. 2007). In some birds, male 
nestlings are more severely affected by parasites, potentially due to these hormonal effects 
(Potti and Merino 1996). Given that yolk androgens tend to increase with laying order in 
birds (Royle et al. 2001; Groothius and Schwabl 2002), sons may be particularly influenced 
by maternal androgens if they are positioned last in the laying sequence. The relative 
performance of last-hatched nestlings in parasitized broods may therefore not only be a 
consequence of the degree of HA, as suggested by the TCH, but also of the sex of the last-
hatched nestling (hereafter referred to as the "tasty son hypothesis", TSH). Although a 
number of studies have examined sex differences in performance of nestling passerines in 
relation to their hatching order (e.g. Badyaev et al. 2002; Arnold and Griffiths 2003) and 
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degree of hatching asynchrony (Tilgar and Mand 2006), few have specifically considered the 
role of parasites in mediating these relationships. 
The TCH states that parasites should focus their feeding efforts on the smallest and 
least immunocompetent nestling in a brood, and the TSH modifies this to state that parasites 
should particularly focus their feeding activities on the smallest, last-hatched nestling in the 
brood if it is male. However, fecundity of parasites such as avian fleas is greater when they 
feed on hosts in good condition (Tchirren et al. 2007); thus, even though nestlings in good 
condition may be capable of mounting a stronger immune response, there may nonetheless be 
a selective advantage for parasites to risk the potential costs of feeding on high-quality hosts 
to secure these fitness benefits (Bize et al. 2008). If parasites face a trade-off between host 
quality and immune defence, however, the optimal resolution of this trade-off may result in 
middle-ranked nestlings being the most heavily parasitized, since they provide moderate 
resource quality but may mount a less robust immune response compared to their largest nest 
mates (Bize et al. 2008). 
The goals of this study were: (1) to examine the influence of nest-dwelling 
ectoparasites on the growth and size of nestlings over the hatching sequence in a passerine 
exhibiting a moderate degree of HA, and (2) to investigate whether within-brood variation in 
susceptibility to parasites is influenced by differences in immune function among nest mates. 
By combining ectoparasite removal and carotenoid supplementation treatments and 
analyzing within-brood variation in nestling performance, I was able to test three competing 
predictions related to within-brood patterns of parasite aggregation on nestlings: first, 
according to the TCH, last-hatched nestlings in asynchronously hatching broods should 
disproportionately benefit from either parasite removal or immune enhancement with 
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supplemental carotenoids. Alternatively, according to the TSH, last-hatched male nestlings, 
particularly in asynchronously hatching broods, will be expected to show greater benefits 
from parasite removal or carotenoid supplementation than either males hatching last in 
relatively synchronous broods, or last-hatched female nestlings. Finally, if ectoparasites 
forage optimally within avian broods by balancing nutritional benefit against the cost of host 
immune response, removal of parasites or provision of supplemental carotenoids should 
disproportionately benefit nestlings positioned in the middle of the hatching sequence. 
3.3 Methods 
3.3.1 Study area, species and general field procedures 
I studied mountain bluebirds {Sialia currucoides) breeding in nest boxes in central 
British Columbia, Canada (51° N, 122° W) in 2006. The study area consists of arid grassland 
with patches of mature Douglas-fir {Pseudotsuga menziesii). Seventy-two nest box pairs 
were mounted on fence posts approximately 5 m apart, with successive pairs separated by 
approximately 200 m. Bluebirds return to the site as early as late March, and initiate clutches 
beginning in late April. Hatching is moderately asynchronous, with up to two days between 
hatching of the first and last egg in a clutch (E. O'Brien, pers. obs). Nestlings in this 
population are parasitized predominantly by nest-dwelling larval blow flies {Protocalliphora 
spp.), and among broods, the experimental removal of ectoparasites from nests significantly 
enhanced growth of nestlings (see Chapter 2). Adults are dimorphic in plumage colouration 
as well as length of primary flight feathers and rectrices, however, nestlings do not exhibit 
similar sexual dimorphism in feather length prior to fledging, despite some differences in 
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plumage colouration (see below; Power and Lombardo 1996). Neither adults nor nestlings 
are dimorphic in body mass (Power and Lombardo 1996). 
Nest boxes were visited daily beginning in mid-April to determine clutch size and 
initiation date, and again beginning 12 days after clutch completion to document date of 
hatch (designated nestling day 0). On day 1, nestlings were weighed to the nearest 0.01 g 
using an electronic scale. Difference in mass between the largest and smallest chick (range 
0.4 - 3.8 g) was used as an estimate of HA, because this measure obtained early in the 
nestling period in passerines has been shown to reflect total hatching time for the clutch 
(Slagsvold 1986; Magrath 1992). In some cases the last egg had not hatched by day 1, and in 
these nests the difference in mass at day 2 was used as an estimate of HA. I then classified 
broods as either synchronous or asynchronous relative to the mean HA estimated for all first 
broods (mean difference in mass = 1.4 g), and used this bivariate term in all subsequent 
analyses. In broods classified as synchronous, the mean difference in mass between the 
largest and smallest chick was 0.9 g, whereas asynchronous broods differed by an average of 
1.9 g. Each nestling in a brood was marked on its tarsi with nontoxic ink to allow for 
individual identification throughout the nestling period. Although it was not possible to 
determine exact hatching order of all nestlings according to size rank at day 1 or 2, the last-
hatched nestling was identifiable at this early stage as the smallest relative to its nest mates, 
and is usually from the last egg in the laying sequence in this species, as with most passerines 
(O'Brien and Dawson, unpublished; see Magrath 1992 for an example in another species). 
All other size ranks approximate laying and hatching order; i.e. first- and second-ranked 
nestlings emerge from eggs produced early in the laying sequence, and are similarly 
positioned early in the hatching sequence (O'Brien and Dawson, unpublished). 
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I measured nestling mass (nearest 0.125 g, with a spring balance) and tarsus length 
(nearest 0.01 mm, using digital calipers) every 2 days, from day 3-15, and measured length 
of the eighth primary feather (nearest 0.5 mm, with a ruler) at the same intervals once flight 
feathers had emerged, from day 7-15. Each nestling was banded with a numbered aluminum 
band on day 13. Male bluebirds exhibit bright blue primary feathers as nestlings, whereas 
flight feathers of females are slate grey (Power and Lombardo 1996); I used this difference in 
plumage colour to assign sex of nestlings at day 15. Of 66 nestlings (33 females and 33 
males) that have recruited locally between 2007-2009, all had been correctly sexed according 
to these plumage characteristics. Once nestlings had fledged, nests were collected and stored 
in sealed bags for 14 days. Nest material was then sifted to extract all blow fly pupae and 
puparia as an estimate of the minimum level of infestation (see Dawson et al. 2005b). 
3.3.2 Parasite treatment and carotenoid supplementation 
I combined parasite removal and carotenoid supplementation treatments in a 2 x 2 
design, yielding four treatment combinations. Details of the methods were described in 
Chapter 2. Briefly, nest-dwelling ectoparasites were reduced by heating experimental nests in 
a portable microwave appliance every 2 days, from day 1 until day 13. Control nests were not 
removed from nest boxes so that natural levels of parasite infestation were maintained, but 
control broods were visited at the same frequency as broods in heated nests. To enhance the 
immune response of nestlings within a subset of broods, I provided carotenoid supplements 
throughout the nestling period. Supplements consisted of beadlets containing 5% lutein and 
0.2% zeaxanthin (Flora Manufacturing and Distributing Ltd, Canada), suspended in 
sunflower oil; each nestling in supplemented broods received 750 fig of beadlets in 0.05 mL 
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oil, while control broods received 0.05 mL of oil only (see Biard et al. 2007). Mock (1991) 
reported that nestling western bluebirds {Sialia mexicana) require 15 g of food per day 
during peak growth; as the diet of nestling bluebirds consists primarily of lepidopterans and 
orthopterans, which are estimated to contain 520 mg kg"1 of carotenoids (Olson 2006), each 
nestling consumes approximately 8 mg of carotenoids per day. A dosage of 750 fig was 
therefore biologically relevant, as it represented approximately 10% of the maximum daily 
carotenoid intake of nestling bluebirds. Supplements were delivered to nestlings with a 1-mL 
syringe every 2 days, from day 1 until day 13. Adults did not alter their provisioning 
behaviour in response to either the parasite removal or carotenoid supplementation treatment 
(see Chapter 2). In combination, these treatments allowed me to examine the specific 
influence of host immune response on susceptibility to parasites. 
3.3.3 Immune function assessment 
I assessed cell-mediated immunity (CMI) of 8-day old nestlings using the 
phytohaemagglutinin (PHA) skin test, which measures the ability of birds to respond to a 
novel mitogen (Smits et al. 1999). This response is complex and may involve several classes 
of immune cells, including T-lymphocytes, basophils and macrophages (Martin et al. 2006); 
however, PHA response has been shown to be associated with resistance of nestlings to 
ectoparasites (Tschirren et al. 2007), and within-brood variation in this measure may 
therefore reflect differences in the relative vulnerability of individual nestlings to parasitism. 
I used a thickness gauge to measure the thickness (nearest 0.01 mm) of the right wing web 
immediately before and 24.40 h (± 0.05 SE, n = 241) after intradermal injection of 30 uL of 2 
mg mL"1 PHA-P (Sigma) in phosphate-buffered saline. To control for growth-related changes 
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in wing web thickness, I also measured the un-injected left wing web over the same interval 
and subtracted this difference from the initial CMI value (see Chapter 2 for details). 
3.3.4 Statistical analyses 
Female birds may allocate resources differently to eggs in first clutches compared to 
replacement or second clutches within the same breeding season, with potential 
consequences for the relative performance of last-hatched nestlings (Tobler et al. 2007). To 
ensure that my analyses consisted only of first breeding attempts, I included only those 
clutches that were initiated prior to known second broods or re-nests (after a failed first 
attempt). Seven of 57 first broods failed, and an additional 12 experienced partial brood 
reduction. The last-hatched nestling died in only four of these 12 nests with partial mortality; 
due to this small sample size, I did not investigate factors influencing survival of last-hatched 
nestlings. All nests with brood reduction were excluded from the analysis to ensure my 
within-brood repeated measures were consistent among nests (see below). The remaining 38 
nests that did not experience brood reduction consisted of 9 control heat/control supplement, 
8 control heat/carotenoid supplement, 10 heated/control supplement, and 11 
heated/carotenoid supplement. Growth rates for morphological measures were calculated as 
described in Dawson et al. (2005a), using a logistic model for growth of mass, Gompertz 
model for growth of tarsus and a linear model for growth of eighth primary feathers. Body 
condition of nestlings on the day of PHA injection (day 8) was calculated as the residuals of 
the linear regression of body mass on tarsus length, since these variables were highly 
correlated (n = 197, R = 0.65, P < 0.001). 
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Because I was interested in examining the immune response, growth rate, and size of 
last-hatched nestlings compared to all other nestlings in the brood, I used repeated measures 
analysis of variance (ANOVA) to examine the performance of the last-hatched nestling 
relative to its senior nest mates. To account for my inability to assign precise hatching 
positions to all senior nestlings, I classified first- and second-ranked nestlings as "early", and 
third- and fourth-ranked nestlings as "middle" in the hatching order. Second- and third-
ranked nestlings differed in mass by 0.24 g (0.16-0.32 g, 95% CI), and there were no cases in 
which their masses were equivalent; I am therefore confident that these nestlings were 
correctly assigned to "early" and "middle" groups. Similarly, fourth- and last-ranked 
nestlings differed by 0.66 g (0.44-0.89 g, 95% CI), and were never equivalent in mass at day 
1. Mean values were then calculated for nestlings in "early" and "middle" hatching rank 
groups. My analyses therefore included three repeated measures for "early", "middle" and 
"last" nestlings in each brood. Broods classified as first breeding attempts contained either 
five or six nestlings; in broods of six, fifth-ranked nestlings were not included to ensure the 
"middle" within-subjects level represented only the third- and fourth-ranked nestlings for all 
comparisons. In cases where the sphericity assumption was violated, I applied the Huynh-
Feldt correction. The heating and supplementation treatments were included in all ANOVA 
models as between-subjects factors; all initial models also included sex of last-hatched 
nestling (25 male, 13 female) and HA (synchronous or asynchronous, see above) as between-
subjects factors, as well as all first order interactions. The second-order interaction of 
heat*sex of last-hatched*asynchrony was also included to test the TSH prediction that last-
hatched sons in asynchronously hatching nests would be disproportionately benefited by 
parasite removal. Non-significant terms were removed using a backward stepwise procedure, 
42 
and significant terms in the final models were further explored using paired comparisons. 
Statistical tests were two-tailed, and the significance level was P = 0.05. Analyses were 
performed with SPSS (Norusis 2000). Mean values are presented ± 1 SE. 
3.4 Results 
The experimental manipulation was effective at removing nest-dwelling ectoparasites: 
control nests contained 23.2 ± 4.3 blow fly pupae, while the average infestation of heated 
nests was 0.6 ± 0.4 pupae (range: 0-9; Mann-Whitney U= 15.0, P < 0.001, n = 38 nests). 
Only four of 21 heated nests had any detectable blow fly pupae (range: 1-9), whereas all but 
one control nest (16/17) contained blow flies (range: 5-68). 
I used PHA injection to assess the immune response of nestlings in 42 first broods in 
my study population in 2006; based on mean values for these nests, neither mass nor body 
condition of nestlings was correlated with PHA response (mass: r = -0.05, P = 0.77; 
condition: r = -0.14, P = 0.36). There were no consistent differences in immune response to 
PHA within broods {F\ 749 = 2.03, P = 0.15); however, within-brood variation in immune 
response depended both on the carotenoid supplement and degree of asynchrony (within-
subjects immune response*carotenoids: F\ 7^ 49= 3.38, P = 0.05; within-subjects immune 
response*asynchrony: F\ 7,49= 5.94, P < 0.01). In broods that did not receive supplemental 
carotenoids, PHA response did not differ among nest mates (Fig 3.1a; all P > 0.38). In 
contrast, in supplemented broods, the magnitude of the immune response was greater for 
nestlings positioned earlier in the hatching sequence, and both early and middle nestlings 
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Fig. 3.1. Relative immune responses of nestling mountain bluebirds in relation to carotenoid 
supplementation. Broods in (a) were supplemented with sunflower oil only, while broods in 
(b) were provided with a carotenoid supplement (lutein and zeaxanthin in sunflower oil) 
throughout the nestling period. Average values for the two heaviest nestlings at day 1 
comprised the "Early" category, followed by the average for the third- and fourth-heaviest in 
the "Middle" category. In each brood, the "Last" nestling was the smallest at day 1, as it 
hatched later than all of its siblings. Paired comparisons were conducted following a 
significant main effect of the carotenoid treatment in a repeated measures ANOVA, and 
average differences (± 1 SE) are estimated marginal means calculated after accounting for 
the effect of hatching asynchrony. 
44 
exceeded the response of their last-hatched nestmate (Fig 3.1b; early-middle: P < 0.01; early-
last: P < 0.01; middle-last: P = 0.04). This suggests that both middle- and last-hatched 
nestlings were less likely to invest supplemental carotenoids in immune function than their 
senior siblings, and have the potential to be more attractive to ectoparasites. In relatively 
synchronous broods, early- and middle-positioned nestlings did not differ in their immune 
response (Fig 3.2a; P - 0.71); however, early-hatched nestlings tended to exhibit a stronger 
response than their last-hatched nest mate (Fig 3.2a; early-last: P = 0.06), and the response of 
middle nestlings to PHA was significantly stronger than that of their junior sibling (Fig 3.2a; 
middle-last: P < 0.01). Thus, in synchronously hatching broods, last-hatched nestlings were 
generally less immunocompetent than all of their senior siblings. In contrast, early-hatched 
nestlings in asynchronously hatching broods showed a stronger response to the PHA 
injection compared to their middle-hatched siblings (Fig 3.2b; early-middle: P = 0.03), but, 
contrary to the prediction of the TCH, the immune response of last-hatched nestlings did not 
differ from any of their siblings when they hatched asynchronously (Fig 3.2b; P > 0.18). 
Although last-hatched nestlings were more likely to be male (25/38; X2 = 3.79, df = \,P = 
0.05), sex of the junior nestling did not predict their relative immune response under any 
conditions {F\ 7 49 = 0.02, P = 0.97). These within-brood patterns were not driven by 
differences in average immune response for the brood, since mean PHA response for 
asynchronously hatching broods did not differ from that of synchronously hatching broods 
(independent samples t = 0.127, df=3\,P = 0.90). 
Early-hatched nestlings grew their eighth primary feathers faster than both middle-
and last-hatched nest mates, as shown by a significant within-subjects effect {F\ 6,57= 4.59, P 
= 0.02; early-middle, mean difference in growth rate: 0.07±0.03, P = 0.02; early-last, mean 
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Fig. 3.2. Relative immune responses of nestling mountain bluebirds in relation to hatching 
asynchrony, measured as the difference in mass between the heaviest and lightest nestling at 
day 1. Broods in (a) hatched relatively synchronously, while broods in (b) were relatively 
asynchronous. Average values for the two heaviest nestlings at day 1 comprised the "Early" 
category, followed by the average for the third- and fourth-heaviest in the "Middle" category. 
In each brood, the "Last" nestling was the smallest at day 1, as it hatched later than all of its 
siblings. Paired comparisons were conducted following a significant main effect of hatching 
asynchrony in a repeated measures ANOVA, and average differences (± 1 SE) are estimated 
marginal means calculated after accounting for the effect of the carotenoid supplement. 
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difference: 0.15±0.05, P = 0.01). Middle-ranked nestlings did not, however, differ from their 
last-hatched sibling (mean difference: 0.07±0.05, P = 0.20), and this overall pattern emerged 
irrespective of the degree of HA, sex of the last-hatched nestling, presence of parasites or 
carotenoid supplementation (all P > 0.13). The within-brood analysis of tarsus growth rate 
similarly showed early-hatched nestlings exceeded all of their junior nest mates, but middle-
ranked nestlings also grew their tarsus faster than their last-hatched sibling {F\ 759= 35.68, P 
< 0.001; early-middle, mean difference in growth rate: 0.01±0.003, P = 0.001; early-last: 
0.04±0.005, P < 0.001; middle-last: 0.02±0.005, P < 0.001). This pattern was similarly 
evident regardless of HA, last-hatched sex, parasites or supplemental carotenoids (all P > 
0.10). Rate of body mass growth did not consistently vary with position in the hatching 
sequence under any conditions (all P > 0.10). 
Consistent with their faster rate of feather growth, early-hatched nestlings had longer 
eighth primary feathers prior to fledging compared to all of their siblings (within-subjects 
effect: F\ 8,64 = 23.0, P < 0.001); mean difference in feather length, early-middle: 0.77±0.33 
mm, P = 0.03; early-last: 2.79±0.50 mm, P < 0.001); however, middle nestlings also 
exceeded last-hatched nest mates in primary feather length (mean difference, middle-last: 
2.02±0.43 mm, P < 0.001). This was not further influenced by sex of the last-hatched 
nestling, degree of HA or experimental conditions (all P > 0.22). Despite significant within-
brood differences in rate of tarsus growth, final size attained varied only marginally 
according to relative hatching position {F2jo = 2.81, P = 0.07). Paired comparisons showed 
that early-hatched nestlings were larger than their last-hatched nest mate (mean difference: 
0.20 ± 0.9 mm; P = 0.03), but did not differ from middle-ranked nestlings (mean difference: 
0.04 ± 0.08 mm; P = 0.65). Tarsus length of middle nestlings also did not differ from that of 
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the last-hatched nest mate (mean difference: 0.16 ± 0.10 mm; P = 0.11). Thus, tarsus and 
feather growth and size at fledging exclusively reflected the position of a nestling in the 
hatching sequence, regardless of the degree of hatching asynchrony, immune enhancement or 
presence of parasites. In contrast, within-brood variation in mass at day 15 depended on the 
presence of parasites, indicated by a significant interaction between the heat treatment and 
within-subjects factor {FJJO - 3.66, P = 0.03). In parasitized nests, body mass of nest mates 
did not consistently differ (Fig 3.3a; all paired comparisons, P > 0.14); however, in nests that 
had parasites removed by heating, middle-ranked nestlings performed better than both their 
early- and last-hatched siblings, suggesting that removal of nest-dwelling ectoparasites 
disproportionately benefited nestlings positioned in the middle of the hatching sequence (Fig 
3.3b; early-middle: P = 0.03; early-last: P = 0.64; middle-last: P < 0.01). 
3.5 Discussion 
Across all broods, last-hatched nestling mountain bluebirds were less likely to invest 
supplemental carotenoids in immune function compared to their siblings (Fig. 3.1). This 
suggests that last-hatched nestlings may prioritize other developmental processes such as 
somatic growth over immune function, or are less able to absorb and assimilate dietary 
carotenoids; in either case, this supports the hypothesis that these smallest nestlings may, 
under at least some conditions, represent a low-cost resource to parasites. However, within-
brood patterns of immune response in relation to HA were opposite to the prediction of the 
TCH: last-hatched nestlings had a less robust immune response compared to their siblings in 
relatively synchronous broods, but did not differ from their senior siblings in asynchronously 
hatching broods (Fig. 3.2). Since PHA response has been shown to be related to the 
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Fig. 3.3. Within-brood variation in mass at day 15 for nestling mountain bluebirds in (a) 
nests exposed to ectoparasites, and (b) nests with ectoparasites experimentally removed. 
Average values for the two heaviest nestlings at day 1 comprised the "Early" category, 
followed by the average for the third- and fourth-heaviest in the "Middle" category. In each 
brood, the "Last" nestling was the smallest at day 1, as it hatched later than all of its siblings. 
Paired comparisons were conducted following a significant main effect of the parasite 
removal treatment in a repeated measures ANOVA, and average differences are shown ± 1 
SE. 
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resistance of altricial nestlings to ectoparasites (Tschirren et al. 2007), based on this evidence 
alone, last-hatched nestling bluebirds in synchronous broods would be expected to be more 
heavily parasitized than those in asynchronous broods. Consequently, these results do not 
indicate a potential role of HA in allowing female birds to maximize their reproductive 
success within the ecological context of ectoparasitism. 
Despite these within-brood differences in immune response, last-hatched nestlings did 
not show a disproportionate benefit from removal of nest-dwelling ectoparasites or 
carotenoid supplementation in any measure of growth or size at fledging, indicating that 
parasites do not feed preferentially on the smallest nestlings in this host-parasite system, 
regardless of the degree of asynchrony or relative immunity alone. In contrast, middle-ranked 
nestlings were heavier at fledging compared to all of their siblings in nests that had parasites 
experimentally removed (Fig. 3.1b). This supports the hypothesis that parasites balance host 
quality against host resistance, leading to greater parasite pressure on nestlings positioned in 
the middle of the hatching sequence. Indeed, these nestlings were intermediate in most 
measures of growth and size (see Results), and thus likely of intermediate resource quality 
for parasites, and under some conditions were less immunocompetent than their larger, 
presumably higher-quality, siblings (Figs 3.1b, 3.2b). Studies of bird-parasite systems are 
increasingly incorporating optimal host-choice strategies for parasites that take into 
consideration not only cost avoidance (Christe et al. 1998), but also maximization of energy 
gain (Bize et al. 2008; Vaclav et al. 2008); this approach may be of particular value for 
studies of nest-dwelling avian ectoparasites that feed intermittently, and are therefore readily 
able to sample multiple hosts when foraging. 
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Nestlings hatching last in my study population were more likely to be male, however, 
the relative performance of last-hatched nestlings was unrelated to their sex, regardless of the 
degree of HA, or whether nests were parasitized. This indicates that male bluebirds 
positioned last in the egg-laying and hatching sequence, particularly those at a substantial 
initial size disadvantage due to HA, are not disproportionately affected by parasites. In fact, 
for sexually dimorphic species that exhibit sex differences in growth patterns, males may 
perform better under parasite exposure when they hatch later relative to their nest mates. For 
example, within broods of house finches {Carpodacus mexicanus), later hatching positions 
were biased toward sons when females were exposed to parasitic mites during egg-laying 
(Badyaev et al. 2006). This was suggested to be an adaptive maternal response because late-
hatched sons were more likely to survive in parasitized nests compared to sons positioned 
early in the hatching sequence (Badyaev et al. 2006). Since female finches were exposed to 
mites during egg laying, however, the observed patterns of nestling growth and survival may 
have been partly a result of parasite-induced physiological responses of females that affected 
offspring differentially depending on hatching order and sex (e.g. variation in investment of 
immunoglobulins in egg yolk, Gallizzi and Richner 2008; or variation in yolk androgen 
investment across the laying sequence, Navara et al. 2006; Tobler and Sandell 2009). Since 
blow flies are the most abundant parasites affecting nestlings in my study system, and these 
parasites neither feed on adult birds nor are present in nests during egg laying (Sabrosky et 
al. 1989), such parasite-induced maternal responses would not be expected. Despite the sex 
ratio bias of this hatching position, my lack of evidence for sex differences in parasite 
susceptibility of late-hatching nestling bluebirds, combined with the contrasting results of 
Badyaev et al. (2006) when female finches were exposed to parasites during egg laying, 
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suggest the role of maternal effects in within-brood comparisons such as these may be 
considerable. Future studies should therefore examine the influence of interactions between 
pre-hatching parasite-induced patterns of maternal investment and sex-specific physiology of 
nestling birds on susceptibility to ectoparasites. 
Immune function in vertebrates represents a complex outcome of interactions among 
nutritional, endocrine and genetic components (Casto et al. 2001; Brzek and Konarzewski 
2007; Owen et al. 2008), and altricial young in particular encounter significant trade-offs 
between rapid somatic growth and development of the immune system (e.g. Soler et al. 
2003). In birds, HA may generate variation in the magnitude of such physiological trade-offs 
experienced by individual nestlings within broods (e.g. Martin-Vivaldi et al. 2006); however, 
the degree of HA may itself be mediated by several factors. Within-brood variation in timing 
of hatching can be influenced by embryo development time, particularly between embryos of 
different sexes (Cook and Monaghan 2004). Factors influencing timing of incubation onset 
by female birds have received the greatest research attention as predictors of HA, since 
incubation initiated prior to clutch completion allows early-laid eggs to begin development 
sooner, and thus to hatch earlier, than later-laid eggs. For example, in several bird species, 
females provided with supplemental food initiated incubation earlier and thereby produced 
more asynchronously hatching broods, suggesting that incubation represents an energetic 
constraint (Nilsson 1993, Eikenaar et al. 2003; but see Wiebe and Bortolotti 1994 for the 
opposite pattern in American kestrels, Falco sparverius). In this study, I showed that last-
hatched nestling mountain bluebirds are less immunocompetent than their larger siblings in 
synchronously hatching broods, but not in broods that hatch asynchronously (Fig 3.2). This 
suggests that resources may have been distributed more evenly among nestlings (either pre-
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or post-hatching) in asynchronously hatching broods, allowing last-hatched nestlings to 
maintain both immunity and growth despite their significant size disadvantage at hatching. 
This pattern may be explained by differences in food availability: as shown by Nilsson 
(1993) and Eikenaar et al. (2003) in other bird species, female bluebirds with access to more 
food may have initiated incubation earlier (prior to clutch completion) while also investing 
resources more equitably among all eggs or nestlings. I do not have data on food availability 
for this population; however, I suggest that the proximate influence of food availability early 
in the breeding season on female incubation behaviour requires further investigation in a 
greater range of bird species, since it may have important consequences for hatching patterns 
and within-brood variation in nestling performance. 
Preferences of ectoparasites for specific hosts may vary depending on the ecology and 
life-history traits of the parasite (Roulin et al. 2003). My results suggest that, at least for host-
parasite systems involving intermittently-feeding, nest-dwelling ectoparasites such as blow 
flies, optimality models may inform predictions related to host selection, since middle-ranked 
nestlings showed disproportionate benefits from experimental parasite removal. Little is 
known, however, about the feeding and host selection behaviour of ectoparasites, or the 
fitness consequences thereof; I suggest this represents an important area for future research 
(e.g. Tschirren et al. 2007; Gallizzi and Richner 2008), since the relevance of optimality 
models to questions concerning host selection by parasites depends on a greater 
understanding of these behaviours. 
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4. Complex interactions among food availability, timing of breeding and individual 
quality determine annual fecundity in a migratory songbird: an experimental approach 
4.1 Abstract 
Annual reproductive success in many species is influenced by the number of breeding 
attempts within a season. Although previous studies have shown isolated effects of female 
quality, food, and timing of breeding on the probability that female birds produce second 
broods, to my knowledge, none have tested the relative importance of multiple factors and 
their interactions using simultaneous manipulations within populations of free-living birds. In 
this study, I show that individual quality and timing of breeding interact to affect the 
probability of double brooding in female mountain bluebirds {Sialia currucoides). High-
quality females that naturally initiated clutches early were more likely to double brood, 
regardless of whether their hatching date was advanced or delayed, whereas lower quality 
females were much less likely to double brood when their first attempt was delayed. This 
indicates that annual fecundity of lower quality or younger female bluebirds may be more 
sensitive to seasonal variation in environmental conditions. In addition, supplemented birds 
were more likely to double brood in one of the study years, suggesting that female bluebirds 
may be energetically limited in their capacity to initiate a second brood. Females that had 
their first brood delayed also had a shorter inter-brood interval and were moulting fewer 
feathers during second broods, while females in better condition showed more advanced 
moult in second breeding attempts. Taken together, my results suggest that annual fecundity 
of female songbirds represents a complex outcome of age- and individual quality-dependent 
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energetic trade-offs between current and future reproduction, and between investment in 
offspring and self-maintenance. 
4.2 Introduction 
For organisms that are limited by the number of offspring they can produce in a 
single reproductive attempt, annual reproductive success may be more strongly influenced by 
the number of breeding attempts within a season (Saether and Bakke 2000). The proportion of 
individuals that are multiple-brooded can in turn have strong effects on population growth 
rates (Podolsky et al. 2007), and may influence the degree of sensitivity of species to global 
environmental change (Jiguet et al. 2007). Hence, understanding factors that influence the 
probability that individuals undertake multiple breeding attempts within a season is of 
substantial ecological interest. 
In many bird species, at least some females produce one or more additional broods 
after successfully fledging young from their first brood, and these species therefore represent 
appropriate models to investigate factors influencing annual fecundity via multiple breeding. 
Older and higher quality females are often more likely to produce a second clutch after 
successfully fledging young from their first brood (the quality hypothesis, e.g. Nol and Smith 
1987; Geupel and DeSante 1990). Experimental studies have also shown that multiple 
brooding in birds is also affected by food availability (Nagy and Holmes 2005a), as well as 
the timing of the first breeding attempt (the date hypothesis; Verboven and Verhulst 1996). 
There is increasing evidence, however, that costs of reproduction and impacts of 
environmental factors are not experienced equivalently among individuals, and in particular, 
that the highest quality individuals in a population may not be subject to trade-offs between 
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reproduction and self-maintenance that are predicted by life-history theory (Ardia 2005; 
Hamel et al. 2009). This may be manifested as older or higher quality females being less 
sensitive to reduced food availability or changes in environmental conditions associated with 
timing of first broods; therefore, these variables would be expected to be poorer predictors of 
multiple brooding in higher quality birds than in younger or lower quality females within the 
same population. Interactions between female quality and timing of breeding have been 
shown to affect reproductive success in single-brooded species (e.g. chick growth and 
survival in common terns, Sterna hirundo; Arnold et al. 2004), however, the extent to which 
individual quality can compensate for reduced food availability or declining environmental 
conditions over the breeding season in influencing the probability of double brooding, and 
thus annual fecundity, in female birds is not known. 
For many organisms living in temperate environments, reproductive success declines 
with timing of breeding (e.g. Perrins 1970; Cushman et al. 1994: Wright and Trippel 2009), 
and to some extent, this pattern may reflect a seasonal degradation of environmental 
conditions. A number of underlying mechanisms have been suggested for this, including 
declining food availability, increased risk of predation, and greater parasite pressure later in 
the breeding season (Verhulst and Nilsson 2008). Several studies have shown that 
supplemental feeding of birds eliminates the seasonal decline in nestling survival and quality 
(Brinkhof and Cave 1997; Siikamaki 1998), suggesting that reduced food availability later in 
the breeding season may be an important determinant of this pattern in some species. Nagy 
and Holmes (2005a) demonstrated the importance of food in determining double brooding by 
female black-throated blue warblers {Dendroica caerulescens); however, they did not 
examine this effect in relation to timing of breeding, and so it is not known whether the 
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magnitude of the effect of food availability on double brooding varies with breeding date in 
this or other bird species. 
One of the potential energetic costs of double brooding for birds in temperate 
environments is the overlap between breeding and feather moult late in the season, and many 
species have been shown to alter timing of moult depending on energetic constraints or 
timing of first broods (Ogden and Stutchbury 1996; Mulvihill et al. 2009). Moult progression 
is, however, partly influenced by factors that are independent of environmental conditions 
(Dawson 2002; Dawson et al. 2009), and this may result in the magnification of costs of 
double brooding via overlap of breeding and moult. Despite this, few studies have examined 
the degree of plasticity of moult progression under experimentally varying environmental 
conditions, or the consequences of this plasticity for annual fecundity in temperate-breeding 
birds. 
In this study, I manipulated both food availability and timing of first breeding 
attempts to test their relative importance in determining the probability of double brooding in 
mountain bluebirds {Sialia currucoides), a cavity nesting, facultatively double-brooded 
songbird. The interaction between these treatments tested food availability as a mechanism 
for the declining probability of double brooding over the breeding season; according to this 
hypothesis, delayed birds that are supplemented should be more likely to double brood than 
delayed non-supplemented birds. Additionally, by using natural clutch initiation date as a 
surrogate for female age or quality, I was able to test the hypothesis that the sensitivity of 
female birds to variation in environmental conditions (as a consequence of timing of 
breeding or food availability), and hence their likelihood of producing a second brood, will 
depend on age or phenotypic quality. I also examined extent of moult in double-brooding 
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female bluebirds to determine whether moult progression is altered in response to food 
availability or manipulated timing of breeding early in the breeding season, and thus, whether 
moult is likely to represent an important energetic constraint that limits double brooding in 
birds. 
4.3 Methods 
4.3.1 Study area, species and general field procedures 
I studied mountain bluebirds in central British Columbia, Canada (51° N, 122° W) in 
2007 and 2008. Birds in my study population breed in nest boxes mounted on fence posts in 
an arid grassland habitat mixed with patches of mature Douglas-fir {Pseudotsuga menziesii). 
Eighty-seven nest box pairs were located approximately 150 m apart, with each box in a pair 
separated by approximately 5 m. Bluebirds arrived at the site by late March, and initiated 
first clutches beginning in late April. Approximately 40% of females in this population 
produce second broods after successfully fledging young from their first breeding attempt 
(see Results). Nest boxes were visited daily beginning in mid-April to determine clutch size 
and clutch initiation date. All adults were captured while they fed nestlings, and were 
individually marked with three colored plastic leg bands and one numbered aluminum band. 
Adults were weighed with a spring balance (nearest 0.125g) and the combined length of the 
head and bill (hereafter "head-bill length") was measured to 0.1 mm with digital calipers. 
Once young had fledged from first broods, I monitored boxes to document initiation of 
second broods. Adults were captured again when feeding young from second broods to 
confirm individual identities, and thus to establish that each nesting attempt was indeed a 
second breeding attempt for the same female. In the four cases in which females initiated 
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second clutches but I was unable to capture them, I confirmed female identity by sighting 
colour band combinations. Adults captured during second broods were also assessed for 
moult of primary feathers using the method described in Newton (1966). Briefly, each 
feather was assigned a score between 0-5 depending on the extent of moult, and the total 
moult score was determined as the sum of all feather scores; I modified this procedure by 
only scoring one wing, because primary moult was relatively symmetrical in all birds. To 
avoid pseudoreplication, each female was only included in the experiment in one of the study 
years; thus, in 2008,1 only included females that were new to the study area (i.e. unhanded 
birds), or that bred at the study site in 2007 but were not included in the experiment in that 
year. 
4.3.2 Hatching date manipulation 
Pairs of clutches that were initiated 4 to 5 days apart were matched for clutch size, 
and once the later clutch in a pair was complete, eggs were exchanged between nests. Nest 
box entrances were blocked to prevent adults from entering while a clutch was being 
exchanged, and each exchange required less than 10 min to complete. This manipulation 
created experimentally early- and late-hatching broods, in which early females' clutches 
hatched 4 to 5 days earlier, while late females' clutches hatched 4 to 5 days later than they 
would have naturally. Although this method of manipulating timing of breeding has been 
shown to reduce the body condition of delayed females in some species by prolonging the 
period of incubation (e.g. Wardrop and Ydenberg 2003), it is unlikely to do so in species 
such as mountain bluebirds, in which females do not show a marked decline in mass during 
incubation (Merkle and Barclay 1996). Thus, any effects of this timing treatment could 
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presumably be attributed solely to date of hatching, rather than to experimentally-induced 
variation in female condition. Clutch size in this population ranges from 3-7 eggs (mean = 
5.4 ± 0.04, n = 256 first broods over 4 years), but since the majority of females produce first 
clutches of either 5 or 6 eggs (241/256, 94% of nests), experimental manipulations were 
restricted to clutches of 5 or 6 to facilitate matching nests for clutch exchanges. To test for 
female responses to egg exchange or manipulation of natural hatching date, each 
experimental nest was also matched with a control nest that hatched on the same day, but for 
which hatching date was not manipulated and eggs were not exchanged. In 2006, no female 
that initiated their first clutch after May 20 attempted a second clutch; to ensure that all birds 
in the study had the potential to double-brood, I therefore only included birds in the 
experiment if they initiated breeding prior to May 20 in both study years. Females excluded 
from the experiment by this criterion would likely have been young (second-year) or old 
birds that would be unlikely to attempt a second brood under any conditions (residual 
reproductive value, Williams 1966; senescence, Bouwhuis et al. 2009); hence, I restricted my 
inference to those birds that were potentially responsive to timing of breeding and food 
availability in adjusting their current reproductive effort (Charmantier et al. 2006). 
4.3.3 Food supplementation 
For each timing treatment group (experimental early, experimental late and control), 
nests were paired according to estimated hatching date and one nest in each pair was 
randomly assigned to a feeding treatment. Supplemented birds were provided with 12 g of 
mealworms and waxworms daily (approximately 8 g of mealworms and 4 g of waxworms), 
representing approximately 50% of the energy requirements of bluebirds during incubation 
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and brood rearing (Mock 1991; Merkle and Barclay 1996). Food was provided in a small 
dish installed on a fence post within 1 m of each nest box, from approximately 4 days prior to 
the expected hatching date until nestlings were 17 days old. Control boxes had dishes 
installed in the same manner and were visited daily, but were not provided with additional 
food. Mountain bluebirds defend breeding territories of up to 5 ha (Power and Lombardo 
1996), and birds in neighboring territories would therefore not have had access to 
supplemental food. No other species were observed to feed on supplements, which were 
generally consumed or fed to nestlings by the resident birds within several hours each day, 
and I am therefore confident that supplemented birds had exclusive access to all of the food 
provided. 
4.3.4 Statistical analyses 
Between the two study years, 78 females were included in the experiment; however, 
in 2007, four broods were abandoned or depredated, and the resident females at these nests 
were not considered further. Thus, my analyses included 74 birds (32 in 2007, 42 in 2008). I 
used binomial logistic regression analysis to test the effects of timing of breeding, food 
availability and female age/quality, on the probability of double brooding by female 
bluebirds. The timing (experimental early, experimental late, control) and food 
(supplemented, control) treatments, as well as year, were included as categorical variables in 
all models, and natural clutch initiation date (CID), standardized to the mean initiation date 
for each study year (mean of 0, standard deviation of 1), was included as a covariate in the 
initial model as a proxy for female quality/age. Older and higher quality female birds initiate 
their first clutches earlier in the season (e.g. Holmes et al. 1996; Murphy 2004), and CID has 
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been used in previous studies as an approximation of female age or quality (e.g. Ardia 2005). 
In my study population, female bluebirds initiate clutches earlier in their subsequent breeding 
season compared to the previous year (standardized CID, year 1 = 0.287, year 2 = -0.298; P -
0.001, n = 52 females), and within a season, birds that initiate first clutches earlier are in 
better condition than those initiating later in the spring {r = -0.35; P < 0.001; Fig. 4.1); CID 
therefore represents an approximate estimate of age and/or quality of female bluebirds in this 
population. All first-order interactions among these variables were also included in the initial 
model, and non-significant terms were removed using a backward stepwise procedure. 
Significance of individual variables and interaction terms was assessed using Wald^2 values. 
For females that were captured during their second broods, I tested the effects of year, food, 
timing of hatch and female body condition during the first brood on moult progression using 
analysis of covariance (ANCOVA). Body condition of all females captured over the two 
study years during their first brood {n = 101) was estimated as the residuals of a linear 
regression of body mass on head-bill length (a measure of structural size; Schulte-Hostedde 
et al. 2005). Female mass declines over the nestling period in bluebirds (Merkle and Barclay 
1996), and there was considerable variation in the age of nestlings at which I captured 
females during their first broods (nestling age varying from 4-14 days old). To account for 
this variation in my estimate of condition, I also included nestling age when the female was 
captured as a covariate in this regression analysis. Both variables predicted female mass 
(head-bill: fi = 0.29, P = 0.001; nestling age: p = -0.54, P < 0.001; F2>9% = 24.60, P < 0.001). 
The residual mass score resulting from this regression was then included as a covariate in the 
ANCOVA model examining predictors of female moult progression, along with year, food 
and timing treatment as fixed effects. 
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Fig. 4.1. Relationship between clutch initiation date (CID, standardized to the mean for each 
study year) and residual mass of 132 female mountain bluebirds. Each data point represents a 
unique individual in the first year they were captured, and data were collected from 2006-
2008. Residual mass was determined as the residuals from a regression of body mass against 
head-bill length. Females initiating clutches earlier in the season (negative CID values) 
generally had higher residual mass scores (i.e. were in better condition) compared to females 
initiating later in the season. 
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In addition to reproductive decisions regarding whether or not to produce a second 
clutch, female birds may also adjust the time between successive breeding attempts (inter-
brood interval), a life-history trait that may be influenced by environmental conditions and 
individual timing of breeding (Moller 2007). To assess this response in double-brooded 
females, I used ANCOVA to examine the influence of the timing and food treatments, year, 
and female condition during the first brood on the interval between hatching of the first 
clutch and initiation of the second clutch. 
All statistical tests were two-tailed, and the significance level was P = 0.05. Analyses 
were performed with SPSS (Norusis 2000). Mean values are presented ± 1 SE. 
4.4 Results 
4.4.1 Probability of double brooding 
Fifteen of 32 females were double-brooded in 2007, while 15 of 42 initiated second 
clutches in 2008. Of these 30 double-brooded females, 27 successfully fledged young from 
both broods; producing a second brood allowed female bluebirds to produce an average of 
3.5 more fledglings than single-brooded females (8.6 vs. 5.1 fledged young; independent 
samples t = 12.4, df= 68, P < 0.001). Food supplementation increased the probability that 
female bluebirds initiated second broods, but this effect was only significant in 2007 (Food x 
Year, Table 4.1; Fig. 4.2). There was no interaction between the food and timing treatments 
{P = 0.52), indicating that the decline in probability of double brooding with timing of 
breeding in bluebirds was likely not mediated by a seasonal reduction in food availability. 
Females initiating first broods earlier tended to be more likely to double brood overall (CID, 
Table 4.1); however, the timing treatment influenced this relationship between a female's 
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Table 4.1. Summary of the binomial logistic regression model predicting double brooding by 
female mountain bluebirds (model ;f = 30.76, P < 0.001). The experiment was conducted on 
74 birds over two years, and included a manipulation of hatching date of first broods 
(Timing) and food supplementation (Food) throughout the first breeding attempt. Clutch 
initiation date (CID) was included as an estimate of female quality. 
Variable 
Yearj 
TimingJ 
Exp. early 
Exp. late 
Food§ 
CID 
Food x Year 
CID x Timing 
CID x Exp. early 
CID x Exp. late 
Constant 
P 
0.605 
1.048 
-2.120 
3.087 
-0.774 
-2.594 
0.612 
-2.848 
-1.881 
SE 
0.913 
0.764 
1.340 
1.043 
0.424 
1.296 
0.776 
1.328 
0.782 
*» 
0.438 
4.900 
1.882 
2.502 
8.758 
3.332 
4.010 
5.786 
0.621 
4.599 
5.790 
P 
0.51 
0.086 
0.17 
0.11 
0.003 
0.068 
0.045 
0.054 
0.43 
0.032 
0.016 
f Reference = 2007 
% Reference = Control timing 
§ Reference = Control supplement 
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Fig. 4.2. Annual variation in effects of food supplementation on the probability of double 
brooding by female mountain bluebirds. Food supplement birds were provided with 12 g of 
mealworms and waxworms daily from late incubation until nestlings were 17 days old. Birds 
assigned to the Control condition had food dishes installed by nest boxes but were not 
provided with supplemental food. Sample sizes are indicated above standard error bars. 
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natural clutch initiation date and the probability of double brooding (CID x Timing, Table 
4.1). In particular, the probability of double brooding declined more strongly with CID 
among females that had hatching delayed, as compared to control females (CID X 
Experimental late, Table 4.1), indicating that late-breeding females were more sensitive to 
delays in the date of hatching of first broods (Fig. 4.3). 
I documented initiation dates for 27 of 30 double-brooded females over the two years 
of this study. Females that produced two broods within a season initiated second clutches 20-
35 days after their first clutch hatched (mean interbrood interval = 27.3 ± 0.6 days, N = 27). 
Birds that were in better condition did not adjust the interval between broods (Fi^o = 1 -37, P 
= 0.26), and there were also no differences between years {F\>22 = 1.48, P = 0.23) or feeding 
treatments (F123 = 1.49, P = 0.24); however, the timing treatment had a significant effect on 
inter-brood interval 0f72,23 = 3.60, P = 0.04). Subsequent Bonferroni pair-wise comparisons 
showed that experimental late females had a shorter interval between broods than control 
birds (mean difference, control-late = 3.5 ± 1.3 days, P = 0.04), although not when compared 
to experimental early females (mean difference, early-late = 2.6 ± 1.6 days, P = 0.33). 
Control females also did not differ from experimental early birds (mean difference, control-
early = 0.8 ± 1.4 days, P = 0.99). 
4.4.2 Moult progression 
Of the 30 female bluebirds that produced second clutches over the two years of this 
study, 24 were captured during both their first and second breeding attempts. I was unable to 
capture two birds during their first broods and therefore did not have a measure of condition 
to include in this analysis. Four females were not captured during their second broods, so 
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Fig. 4.3. Effect of hatching date manipulation on the probability of double brooding by 
female mountain bluebirds, according to whether they initiated first clutches early or late in 
the season. Older or higher quality females that initiated clutches earliest in the spring (i.e. 
before the mean initiation date for birds included in the experiment in each year) were highly 
likely to produce second broods, and were relatively unaffected by manipulation of hatching 
date, whereas young or lower quality females initiating later responded strongly to both 
advanced (experimental early) and delayed (experimental late) hatching of first clutches. 
Sample sizes are indicated above standard error bars. 
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their moult stage was not known. Among the 24 birds for which I had complete data, moult 
scores varied from 0 (old primary feathers intact) to 14 (partial or complete moult in 4 of 9 
primary feathers on one wing). 
Females provided with supplemental food during their first brood did not differ in 
moult progression during second breeding attempts compared to controls (Fijs = 0.59, P = 
0.45). Delayed hatching of first broods appeared to constrain moult progression later in the 
breeding season (timing treatment: Fi;i8 = 4.82, P = 0.02), because experimental late birds 
had lower moult scores than control birds, and marginally lower than experimental early 
females (Bonferroni comparisons, marginal means: control-late = 3.8 ± 1.3, P = 0.03; early-
late = 3.8 ± 1.5, P = 0.07; control-early = 0.004 ± 1.4, P = 0.99; Fig. 4.4). There were also 
differences in moult stage of double brooding females between study years, with average 
primary feather moult scores during second broods in 2008 almost twice those observed in 
2007 (marginal means ± SE, 2007: 3.6 ± 0.8, 2008: 6.9 ± 0.8; F U 8 = 9.10, P < 0.01). Finally, 
females that were in better condition during their first broods had higher moult scores during 
their second broods (P = 1.05, F\j$ = 7.54, P = 0.01), suggesting that these birds were more 
capable of investing simultaneously in breeding and moult later in the season. 
4.5 Discussion 
Heterogeneity in individual quality may lead to variation in the extent of trade-offs 
among life-history traits such as reproduction and self-maintenance (Ezard et al. 2007; 
Weladji et al. 2008). High-quality or older individuals may also be less sensitive to 
environmental variation and thus be able to maintain high reproductive output or survival 
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Fig. 4.4. Delaying hatching dates of first clutches by 4-5 days (experimental late) constrained 
primary feather moult of female mountain bluebirds during second broods compared to both 
control females (natural hatching dates maintained) and females whose hatching dates were 
advanced by 4-5 days (experimental early). Moult scores were assessed for primary feathers 
on one wing, where each feather was assigned a score of 0-5 based on molt extent. Mean 
scores for each timing treatment group are estimated marginal means, accounting for the 
effect of female condition during first broods. Sample sizes are indicated above standard 
error bars. 
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prospects even under relatively poor conditions (e.g. Cam and Monnat 2000; Hamel et al. 
2009). Results of this study suggest that the highest quality female bluebirds (naturally early 
breeders) were able to compensate for the effects of delayed breeding, as birds that had their 
hatching date delayed were equally likely to double-brood compared to both control and 
advanced birds. In contrast, lower quality or younger females (naturally late breeders) 
showed a marked response to manipulated hatching date, being more likely to double-brood 
when hatching was advanced and less likely when hatching was delayed (Fig. 4.3). Studies of 
other bird species have shown individual quality-mediated variation in responses to timing 
manipulations with regard to reproductive success in single breeding attempts (Arnold et al. 
2004) or replacement clutches (Hipfner et al. 1999); however, no previous studies have 
examined this response in relation to female propensity to double brood. Multiple brooding 
contributes significantly to annual fecundity of individuals (Nagy and Holmes 2005b), 
population dynamics (Podolsky et al. 2007), and the resilience of species to environmental 
change (Jiguet et al. 2007; Husby et al. 2009). My results indicate that it may be important 
for future studies of variation in annual fecundity through multiple breeding attempts to 
consider heterogeneity in individual quality or age among females in a population, given that 
these inherent characteristics may either constrain or promote plasticity in reproductive 
responses to variable environmental conditions (Przybylo et al. 2000). 
Several studies have shown that supplemental feeding can offset the seasonal decline 
in some measures of reproductive success in birds (e.g. Brinkhof and Cave 1997; Siikamaki 
1998). However, in my study, I did not detect an interaction between the food and timing 
treatments, indicating that declining food availability is unlikely to be an important 
mechanism underlying the seasonal decline in probability of double brooding by female 
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mountain bluebirds. Much of the research examining seasonal changes in food availability 
for temperate-breeding birds has focused on parids (e.g. great tits, Parus major), and these 
studies have demonstrated that timing of breeding relative to the seasonal peak in caterpillar 
abundance in these systems is critical for determining reproductive success (Perrins 1970; 
Verboven et al. 2001; Husby et al. 2009). However, the diet of mountain bluebirds is 
considerably more diverse, particularly during the breeding season; adults of this species feed 
their young a range of insect prey, including lepidopteran larvae, orthopterans, and 
coleopterans (Power and Lombardo 1996), and in some grassland habitats may feed nestlings 
in second broods almost exclusively orthopterans, as these are the dominant prey available 
late in the summer (Power and Lombardo 1996; E. O'Brien, pers. obs.). Hence, the 
importance of seasonal decline in food availability as a mechanism underlying the decline in 
reproductive success with timing of breeding may be limited to species that rely heavily on 
single food sources that are themselves seasonally variable. 
Although provisioning with supplemental food during first broods did not 
disproportionately benefit female bluebirds that had their hatching date delayed, I did detect 
an overall effect of food availability on probability of double brooding in one of the two 
study years (Fig. 4.2). This indicates that, in at least some years, female bluebirds are 
energetically limited in their capacity to initiate a second brood and, thus, that annual 
variation in food availability has an important influence on individual fecundity. This further 
suggests that birds were not as energetically limited in this population in 2008, the year food 
supplementation had no effect on double brooding. However, control birds from 2008 were 
not more likely to double brood compared to control birds in 2007 (Fig. 4.2), indicating that 
natural food availability was not necessarily greater in 2008; instead, the probability of 
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supplemented birds double brooding simply did not increase relative to controls in 2008. A 
late spring snowfall in 2008 caused a number of pairs to abandon nests prior to laying, or 
abandon clutches before hatch, and I documented the latest first clutch initiation dates in 
2008 (5-May) compared to previous study years in this population (2006: 25-Apr; 2007: 28-
Apr). This suggests that poor weather conditions early in the season may have affected 
female condition or willingness to invest in reproduction. Hence, I suggest that the lack of 
response to food supplementation in 2008 reflects an environment-mediated switch in female 
life-history investment away from current reproductive output and toward self-maintenance, 
regardless of conditions such as food availability later in the season. Shifts in life-history 
traits in response to changes in environmental conditions have been shown to occur at the 
population level over multiple generations in other species (Husby et al. 2009; Wilson et al. 
2009), and the results of this study provide evidence that individual investments in multiple 
breeding attempts by female mountain bluebirds may be sensitive to poor initial 
environmental conditions within a single breeding season. 
Most birds breeding in temperate environments replace feathers in a complete moult 
at the end of the breeding season, a process that is energetically and nutritionally costly 
(Murphy and Taruscio 1995; Rubolini et al. 2002). Hence, one of the risks of breeding late in 
the season is the overlap of reproductive costs with the costs of moult, and this may in turn 
reduce reproductive success (Morales et al. 2007). There is some evidence that late-breeding 
birds negotiate this risk by delaying moult until nestlings have attained independence (e.g. 
Flinks et al. 2008); however, subsequently increasing the speed of moult to compensate for 
this delay may produce feathers of poorer quality, particularly in species displaying structural 
plumage coloration (Griggio et al. 2009). Among double-brooded female mountain bluebirds 
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in my study population, those that were in better condition during their first brood had 
attained a more advanced stage of moult when captured during their second broods, 
indicating that these birds had sufficient resources to invest simultaneously in reproduction 
and feather growth, and demonstrating that moult is indeed energetically costly in this 
species. This also suggests that moult progression in bluebirds is somewhat flexible and 
responsive to the physiological condition of individuals late in the breeding season. In 
addition, females in this population differed in moult progression between study years, with 
birds captured during second broods in 2008 showing more advanced moult compared to 
birds that were double-brooded in 2007. This provides further evidence that females may 
have switched to a self-maintenance strategy in 2008 in response to adverse environmental 
conditions early in the season: not only did food supplementation have no effect on the 
probability of double brooding in this study year, but females that did produce a second 
brood also invested simultaneously in moult to a greater extent than in 2007. 
Females that had the hatching date of their first clutch delayed had significantly lower 
moult scores during second broods compared to both control and experimental early females 
(Fig. 4.4). This reduced moult progression in delayed females may reflect an endocrine 
response to delayed hatching, as this treatment prolonged incubation and delayed the 
completion of first breeding attempts. The onset of moult is stimulated by declining levels of 
prolactin, a hormone that is elevated in incubating and brood-rearing birds (Dawson et al. 
2009), and my timing treatment may therefore have resulted in higher levels of prolactin 
being maintained in delayed females, thereby inhibiting moult. Alternatively, if the absolute 
timing of moult onset was relatively inflexible, birds that initiated second clutches sooner 
after fledging of their first brood would not have progressed as far in moult once they began 
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to raise second broods; hence, the fact that delayed birds had a shorter inter-brood interval in 
this study may alone account for their lower moult scores during second broods. Ultimately, 
this shorter interval between broods may have allowed delayed females to bear a greater 
amount of the energetic cost of their second breeding attempt before facing the additional 
cost of moult. 
Among species that are limited by the number of young they can produce in a single 
breeding attempt, the number of breeding attempts can have the greatest influence on annual 
fecundity (Saether and Bakke 2000). Indeed, double brooding allowed female mountain 
bluebirds in my study population to substantially increase their total annual reproductive 
success compared to single-brooded birds. Although previous studies have shown effects of 
single variables such as food availability on the probability of female birds producing second 
broods within the same breeding season (e.g. Nagy and Holmes 2005a), to my knowledge, 
none have tested the relative importance of multiple factors and their interactions using 
simultaneous manipulations within populations of free-living birds. Using this approach, I 
have shown that both individual age/quality and timing of breeding affect the probability of 
double brooding in female mountain bluebirds, such that only lower quality or younger birds 
are sensitive to variation in timing (Fig. 4.3). In addition, food supplementation only 
increased the probability of double brooding in my study population in a year when birds 
were exposed to relatively favorable weather conditions in the early spring; under poor 
conditions, females appeared to switch to a self-maintenance strategy that limited the number 
of birds attempting to double-brood, irrespective of food availability throughout the nestling 
period, and this resulted in a greater moult-breeding overlap late in the season. It has recently 
been suggested that changes in climate patterns may be reducing the proportion of multiple-
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brooded females in some bird populations (Husby et al. 2009), and the annual differences 
that I observed in effects of food on fecundity, and in moult progression during second 
broods, highlight the potential for changes in environmental conditions early in the breeding 
season to have sustained effects on patterns of reproductive investment in female birds over 
the entire breeding season. Taken together, my results suggest that annual fecundity of 
female mountain bluebirds represents a complex outcome of age- and individual quality-
dependent energetic trade-offs between current and future reproduction, and between 
investments in offspring and self-maintenance. Future studies of birds breeding in temperate 
environments should examine in greater depth the factors underlying annual variation in 
female investment in multiple broods, since this life-history trait is an important determinant 
of fitness, and has the potential to respond strongly to future environmental change. 
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5. Plumage colour and food availability affect male reproductive success in a socially 
monogamous bird 
5.1 Abstract 
Male reproductive success in socially monogamous birds is influenced to varying 
degrees by within-pair and extra-pair fertilizations. In many species, males of higher 
phenotypic quality (e.g. plumage colour) are more likely to obtain extra-pair fertilizations; 
however, predictors of within-pair fertilization success have been less consistently identified. 
Moreover, few studies have examined the influence of ecological variables on patterns of 
paternity, even though environmental conditions are known to affect mating behaviour of 
male and female birds. In this study, I examined phenotypic and ecological factors 
influencing patterns of paternity in broods of mountain bluebirds {Sialia currucoides). I show 
that brighter, bluer males were more likely to obtain extra-pair fertilizations in first broods, 
but that plumage colour did not predict the ability of males to maintain paternity in their own 
nest. I then examined the effect of food availability in first broods on the probability of males 
losing paternity in second broods within the same season. Females that were provided with 
supplemental food throughout first breeding attempts were less likely to produce extra-pair 
offspring in second broods, and I suggest that supplemented females may have been less 
likely to seek extra-pair mating opportunities because they perceived their social mates to be 
of higher quality under conditions of enhanced food availability. My results demonstrate that 
ecological variables such as food availability can influence patterns of paternity, and suggest 
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that consideration of environmental context will be important for future research 
investigating mate choice and sexual selection in socially monogamous species. 
5.2 Introduction 
Extra-pair paternity is common among socially monogamous birds (Griffith et al. 
2002), and may enhance the strength of sexual selection within populations by increasing 
variance in male reproductive success (Webster et al. 1995; Dolan et al. 2007; Albrecht et al. 
2009). In many sexually dichromatic species, the degree of plumage ornamentation predicts 
male extra-pair fertilization (EPF) success (e.g. Bitton et al. 2007; Balenger et al. 2009a), 
suggesting that traits such as brightly coloured plumage are maintained in socially 
monogamous species at least in part via extra-pair mating success. For multiple-brooded or 
polygynous species, however, a significant proportion of variance in male reproductive 
success may be attributed to within-pair fertilization (WPF) success (Whittingham and Dunn 
2005), and it is therefore also important to identify factors that predict this component of 
male reproductive success. Traits that predict EPF success may be either positively (e.g. van 
Dongen and Mulder 2009) or negatively associated with the ability of males to maintain 
paternity in their own nest (McFarlane et al. 2009). Recent evidence also suggests that traits 
that are important for predicting whether a male bird gains extra-pair paternity in other nests 
may be entirely different from those predicting loss of paternity in his own nest (Lehtonen et 
al. 2009). Because this association between male traits and patterns of WPF success has not 
been well studied, the influence of within-pair reproductive success of males on the evolution 
of sexually selected traits in socially monogamous birds remains unclear. 
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Female birds are known to actively seek and solicit extra-pair copulations (e.g. 
Gowaty and Bridges 1991; Double and Cockburn 2000), and if different traits predict male 
WPF and EPF success, this implies that females may use different cues when making 
decisions about whether to seek mating opportunities outside of the pair bond, and with 
whom to engage in extra-pair copulations. These decisions may be fundamentally different 
for species that maintain relatively large territories, in which females do not frequently 
encounter potential extra-pair mates. Under these conditions, females may have sufficient 
opportunities to assess the quality of their social mate based on dynamic secondary sexual 
traits (Hill et al. 1999) such as territory defense (Moreno et al. 2010), courtship display 
(Hagelin and Ligon 2001), or previous levels of parental investment (Freeman-Gallant 1996), 
and such traits may therefore be of particular importance in determining whether or not 
females seek extra-pair mates. In contrast, assessment and selection of a potential extra-pair 
mate may be achieved under considerable temporal constraints if, for example, a female's 
social mate actively guards her from seeking copulations with other males (Johnsen et al. 
2008). Female birds selecting extra-pair mates may therefore rely more heavily on 
phenotypic traits such as plumage ornamentation (Bitton et al. 2007) or vocal display (Otter 
et al. 1999), which can be assessed relatively quickly, but still represent reliable signals of 
male genetic quality. 
Relatively few studies have examined the influence of ecological factors on patterns 
of paternity in birds, despite their potentially significant effects on male and female mating 
behaviour (Westneat and Stewart 2003). Environmental conditions such as temperature and 
precipitation may affect rates of extra-pair paternity (EPP) by altering the degree to which 
birds invest time and energy into seeking extra-pair mates (Johnsen and Lifjeld 2003) or 
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guarding social mates (Bouwman and Komdeur 2006). In addition, habitat characteristics 
that determine breeding density and synchrony can also affect rates of EPP in some species 
(Stewart et al. 2010). Food availability has considerable potential to affect both male and 
female breeding behaviour, although the effects of food on patterns of paternity appear to 
vary depending on the species studied. For example, superb starlings {Lamprotornis 
superbus) occupying high-quality territories with abundant food were less likely to have 
mixed-paternity broods, and had fewer extra-pair offspring (EPO) in their broods, compared 
to birds on low-quality territories (Rubenstein 2007), and female house sparrows {Passer 
domesticus) provided with food prior to breeding similarly had fewer EPO than non-
supplemented females (Vaclav et al. 2003). In both cases, the authors suggest that low food 
availability might have increased the distance females moved from the nest while foraging, 
and this would in turn have allowed them to encounter more potential extra-pair mates, as 
well as to escape guarding by their social mate. In contrast, female serins {Serinus serinus) 
provided with supplemental food were better able to circumvent mate guarding efforts of 
their social mates (consistent with the 'constrained female hypothesis'; Gowaty 1996), and 
these supplemented females consequently had higher rates of EPP in their broods compared 
to control females or those with reduced food availability (Hoi-Leitner et al. 1999). 
The above studies highlight the influence that food availability may have on female 
behaviour, and hence on patterns of EPP. Food availability, however, also has the potential to 
affect male behaviours such as incubation feeding and investment in provisioning young. 
Among multiple-brooded species, increased paternal investment in first broods is associated 
with lower rates of extra-pair paternity in second broods, suggesting that females allocate 
paternity to social mates according to the quality of their previous parental care efforts 
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(Freeman-Gallant 1996; Rowe and Weatherhead 2007). Hence, food availability may also 
affect the probability of a male bird losing paternity in his own nest, to the extent that it 
influences his parental investment in prior breeding attempts. This linkage between food 
availability in first broods and patterns of paternity in subsequent broods, however, has not 
previously been investigated. 
In this study, I first assess the influence of male phenotypic traits on patterns of 
within- and extra-pair fertilization success among first broods of mountain bluebirds {Sialia 
currucoides), a sexually dichromatic, socially monogamous passerine. I then use a 
supplementation experiment to examine the effect of an ecological variable, food availability, 
on male WPF success. Mountain bluebirds are facultatively double-brooded, and I took 
advantage of this characteristic by supplementing breeding pairs from late incubation until 
just prior to fledging of first broods, and subsequently tested the importance of food 
availability on the probability that females sought extra-pair mating opportunities in second 
breeding attempts. This experimental design allowed me to test two alternative predictions: 
first, if female bluebirds are energetically constrained from seeking EPF, food 
supplementation throughout first broods should increase the probability of EPP in second 
broods. Alternatively, if provision of supplemental food throughout first breeding attempts 
enhances female perception of the genetic quality of their social mate, in particular through 
increased male investment in mate and nestling feeding, supplemented pairs will be less 
likely to have EPP in second broods. 
5.3 Methods 
5.3.1 Study area, species and general field procedures 
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This study was conducted from 2006-2008 on a population of mountain bluebirds 
breeding in central British Columbia, Canada (51°N, 122°W). Mountain bluebirds are 
medium-sized (~30g), sexually dichromatic, secondary cavity-nesting passerines that breed 
in western North America, and which readily use artificial nest boxes (Power and Lombardo 
1996). Females exclusively incubate eggs, although they are provisioned by their social mate 
during incubation, and both sexes contribute to the provisioning of offspring (Power and 
Lombardo 1996). My study area consisted of open arid grassland with patches of large 
mature Douglas-fir {Pseudotsuga menziesii). In 2006, the site contained 72 pairs of nest 
boxes mounted on fence posts; this was increased to 87 pairs beginning in 2007. Paired boxes 
were spaced approximately 5 m apart, and adjacent pairs were separated by approximately 
200 m. Starting in late April, nests were checked every other day to determine clutch 
initiation date and clutch size. Completed clutches were checked daily beginning 12 days 
after clutch completion to determine hatching date (designated nestling day 0). When 
nestlings were 13 days old, I banded them with a numbered aluminum band, and collected 
blood samples (approximately 50 ul) by puncturing the brachial vein. To assess patterns of 
male fertilization success, I established paternity of offspring from all fertilized eggs; I 
therefore also collected tissue samples from any nestlings that died prior to day 13 {n = 47), 
as well as from any embryos collected from unhatched eggs {n = 22). Adults were captured 
in nest boxes while they fed nestlings during first and second broods, and were banded with a 
unique combination of three coloured plastic leg bands and one numbered aluminum band. I 
measured adult mass (nearest 0.25 g, using a spring balance), and used head-bill length 
(greatest distance from the back of the head to the tip of the bill, nearest 0.01 mm, using 
82 
digital calipers) as an index of structural size. I also collected 8-10 rump feathers and 
approximately 50 u,l of blood from all adults at the time of capture. 
5.3.2 Experimental design 
Up to half of all female mountain bluebirds produce a second brood after successfully 
fledging young from first breeding attempts (Power and Lombardo 1996). By manipulating 
conditions during first broods in the 2007 and 2008 breeding seasons, I was therefore able to 
investigate the influence of food availability on subsequent patterns of paternity in second 
broods. Nests were paired according to estimated hatching date and one nest in each pair was 
randomly assigned to a feeding treatment. Supplemented birds were provided with 12 g of 
mealworms and waxworms daily (approximately 8 g of mealworms and 4 g of waxworms), 
from approximately 4 days prior to the expected hatching date until nestlings were 17 days 
old, as described in Chapter 4. Mountain bluebirds defend breeding territories of up to 5 ha 
(Power and Lombardo 1996), and birds in neighbouring territories would therefore not have 
had access to supplemental food. When supplements were first provided each day during 
incubation, the female would commonly feed first; once the female returned to the nest box 
to continue incubating, the resident male would then typically continue delivering food to 
her. During the nestling period, both adults delivered at least some of the supplemental food 
to nestlings in addition to consuming it themselves (E. O'Brien, pers. obs.). The feeding 
treatment is therefore likely to have directly enhanced female perception of the quality of 
their social mate by increasing both his incubation feeding, and his investment in feeding 
young. No other species were observed to feed on supplements, which were generally 
consumed or fed to nestlings by the resident adults within several hours each day, and I am 
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therefore confident that supplemented birds had exclusive access to all of the food provided. 
Once first broods had fledged, I monitored all nest sites to document initiation of second 
broods. I captured adults or confirmed identities by re-sighting coloured leg band 
combinations during these second breeding attempts, and collected blood or tissue samples 
from all second brood nestlings for subsequent paternity analysis. 
5.3.3 Plumage colour analysis 
Feathers were stored in opaque envelopes at room temperature prior to analysis. I 
used an Ocean Optics USB2000 spectrometer (Dunedin, FL, USA) with a deuterium tungsten 
halogen light source (Avantes, Broomfield, CO, USA) to measure spectral characteristics of 
feathers across the range of wavelengths perceived by songbirds (300 - 700 nm, Hart 2001). 
Reflectance at each wavelength was determined as the proportion of light reflected relative to 
a white standard (WS-1, Ocean Optics, Dunedin, FL, USA). Feathers were mounted on a 
non-reflective black background and overlapped to mimic the natural orientation of body 
contour feathers on birds (Siefferman and Hill 2003). I used a bifurcated probe fixed in a 
cylindrical sheath that excluded ambient light and maintained the probe perpendicular to the 
feather surface. I took three measurements at random locations on each feather sample, and 
used the average of these values to generate individual spectral curves. The average spectral 
curve for rump feathers of males in my study population is shown in Fig. 5.1. 
Following the methods of Balenger et al. (2009a), I summarized the spectral curve for 
each individual using the measures of hue, brightness and UV-blue chroma, which I 
extracted from the original spectral data using CLR v. 1.05 (Montgomerie 2008). Hue 
represented the wavelength of maximal light reflectance, brightness was a measure of the 
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Fig. 5.1. Reflectance spectra (mean ± 1 SD, bold and thin lines, respectively) of rump 
feathers from a sample of 125 male mountain bluebirds captured over three years (2006-
2008) breeding in nest boxes in central British Columbia, Canada. 
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total amount of light reflected relative to the white standard, and UV-blue chroma 
represented the combined proportion of light reflected within the ultraviolet and blue 
wavelength range (300 - 512 nm) relative to the entire 300 - 700 nm spectrum. I then used 
principal components analysis to reduce these three correlated measures into a single colour 
score (Montgomerie 2006). The first principal component (PCI) explained 61.6% of the 
variation in feather colour, with the following factor loadings: hue = -0.894, UV-Blue 
chroma = 0.930, brightness = 0.425. Thus, birds with higher PCI scores had hues shifted 
further into UV wavelengths, had a greater proportion of their spectral reflectance falling 
within the blue-UV wavelength range, and tended to be overall brighter. 
5.3.4 Paternity assignment 
I stored blood samples in 1 ml of Queen's lysis buffer (Seutin et al. 1991) at 4°C, and 
extracted DNA using Qiagen DNeasy extraction kits. To assign paternity, I genotyped adults 
and nestlings at five microsatellite loci designed for use in mountain or eastern bluebirds 
{Sialia sialis), including Mobl087, Mobl049, Eabll29 and EablOOl (Balenger et al. 2009a), 
and Mobl053 (H.L. Mays Jr., pers. comm.; Table 5.1). Polymerase chain reaction (PCR) 
amplification was carried out in 10 u.1 volumes containing approximately 50 ng genomic 
DNA, lOOuM deoxyribonucleotide triphosphates, 2.0 - 2.5 mM MgCl2, lx PCR buffer 
(Invitrogen), 0.2 uM forward (labelled) and reverse primers and 0.35 units of Taq DNA 
polymerase (Invitrogen). I performed PCR reactions using an MJ Research Peltier thermal 
cycler under the following conditions: 1 cycle at 95°C for 3 min, followed by 34 cycles at 
94°C for 30 s, annealing temperature for 45 s (59°C for Mobl087 and Eabll29, 57°C for 
Mobl049 and Mobl053, and 55°C for EablOOT), and 72°C for 45 s. 
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Table 5.1. Allelic variability for microsatellite loci used to assign paternity in a population of 
mountain bluebirds. Pei is the probability of exclusion with one parent (female) known, h0 is 
the observed heterozygosity, and he is the expected heterozygosity. Also shown is the 
frequency of null alleles (Null). The combined probability of paternal exclusion was 0.996. 
p« 
0.72 
0.69 
0.46 
0.61 
0.79 
h0 
0.83 
0.85 
0.76 
0.76 
0.90 
he 
0.86 
0.84 
0.69 
0.77 
0.89 
Null 
0.014 
-0.003 
-0.05 
0.003 
-0.006 
Locus 
Mobl049 
Mobl087 
Mobl053 
Eabl007 
Eabll29 
n 
250 
251 
251 
251 
251 
No. 
14 
16 
7 
20 
20 
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This was followed by a final extension step at 72°C for 5 min. PCR products were analyzed 
on a Beckman-Coulter CEQ 8000 automated sequencer. 
I used CERVUS 3.0 (Kalinowski et al. 2007) to determine allele frequencies and 
exclusion probabilities for all microsatellite loci, and to identify extra-pair sires where 
possible. I genotyped 139 adult females, 118 adult males, and 1170 nestlings (first and 
second broods over three years) at five loci, with the exception of one adult male and five 
nestlings that I was unable to genotype at one locus. Nestlings were classified as within-pair 
offspring (WPO) if they matched the resident male at all loci, and extra-pair offspring (EPO) 
if they mismatched the attending male at a minimum of one locus. Only 32 of 371 young 
mismatched at a single locus, and these nestlings commonly shared the mismatching allele 
with at least one sibling that mismatched the attending male at one or more additional loci. I 
am therefore confident with my paternity assignments using this criterion. No nestlings 
mismatched the maternal genotype, so all were assumed to be genetically related to the 
resident female. Observations of banded birds in my study population indicate that males are 
very rarely able to usurp occupied territories during the egg laying period (E. O'Brien, 
unpublished data), and I am therefore confident that paternal mismatches reflected extra-pair 
mating by the resident female rather than social mate replacement. I had complete paternity 
information for 51 breeding pairs in 2006, 59 in 2007 and 67 in 2008 (177 total). For each 
male that fledged young from at least one brood {n = 160), I calculated total annual 
reproductive success as the sum of all surviving nestlings that were identified as his 
biological offspring within a study year. 
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5.3.5 Statistical analyses 
I used analysis of covariance (ANCOVA) to examine the influence of within-pair 
paternity (WPP; whether or not a male lost paternity in his own nest) and extra-pair paternity 
(EPP; whether a male gained EPP in at least one other nest in the study population) on total 
annual reproductive success of individual males (i.e. total number of young fledged). I 
included all males in each of three years that successfully fledged young from at least one 
brood, and for which I had paternity data, and entered male identity as a random factor to 
account for repeated measures of the same male among years. I also included as a fixed 
factor whether or not a male's social mate produced a second brood, because this has the 
potential to nearly double the total number of young produced within a season (see Chapter 
4). The initial model contained all first-order interactions among WPF success, EPF success 
and second brooding, and non-significant terms were sequentially removed by backward 
elimination. 
Binomial logistic regression allowed me to test for an effect of plumage colour (PCI, 
above) and body condition of males during first broods on the probability of (a) losing 
paternity in their own nest, and (b) gaining paternity in at least one other nest. Male body 
condition in each study year was estimated as the residuals from a linear regression of body 
mass on head-bill length; this measure was not correlated with plumage colour score (PCI, r 
= -0.11, n = 125, P = 0.23). I only included first nesting attempts over three years (i.e. 
excluding re-nesting attempts after a failed first attempt, as well as second nests initiated 
after fledging young from first broods) and restricted this analysis to a single observation for 
each male; thus, for those males that were captured over successive breeding seasons, I only 
used data for their phenotypic measurements and paternity gains in the first year they were 
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captured {n = 118). Year was included as a categorical covariate in initial models to account 
for possible annual variation in patterns of paternity. Clutch initiation date (CID) is correlated 
with female age and/or quality in many songbirds, including my population of bluebirds (see 
Chapter 4), and older females or those in better condition may be more likely to seek extra-
pair fertilizations (Bouwman and Komdeur 2005); males paired with high-quality or older 
females that initiate breeding earlier in the season may therefore be more likely to lose 
paternity in their own nest. Alternatively, females that initiate breeding earlier in the season 
may be paired with higher quality social mates, and may therefore be predicted to be less 
likely to seek EPF. Early-breeding males may also be freed from the constraints of mate-
guarding earlier in the season, and so have more opportunities to obtain EPF in clutches 
initiated later in the season, once their social mate has begun incubation (van Dongen and 
Mulder 2009). I therefore also included CID of a male's social mate as a covariate in initial 
models. 
For second broods, I used binomial logistic regression to examine the effect of food 
supplementation during first breeding attempts on the probability that males lost paternity in 
these subsequent broods. For this analysis, models included the food supplementation 
treatment, year, and paternity loss in first broods as categorical covariates. In both study 
years, first broods were also subjected to a hatching date manipulation (see Chapter 4); I 
therefore also included this timing treatment as a categorical covariate in the model. I 
assessed the significance of individual variables and interaction terms in all logistic 
regression models using Wald x values, and results were considered significant at the 0.05 
level. 
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5.4 Results 
5.4.1 Patterns of paternity and male reproductive success 
Among first breeding attempts, 65% (115/177) of broods contained at least one 
nestling that was not related to the resident male, while at the population level, 288 of 900 
first brood young (32%) were sired by extra-pair males. However, despite having captured 
nearly all males breeding in nest boxes on the study site, I was only able to identify the 
genetic father of 56% (161/288) of extra-pair offspring in first broods. The study area 
contains abundant natural tree cavities, and this suggests that many of the extra-pair sires 
may have occupied natural nest sites. Among second broods, 50% (33/66) of nests contained 
at least one extra-pair offspring, and 31% (83/270) of all second brood nestlings were the 
result of extra-pair fertilizations. Males that obtained extra-pair fertilizations were not more 
likely to lose paternity in their own nests, suggesting that males did not experience a trade-off 
between obtaining EPF and maintaining paternity in their own nest {x =0.21, df= 1, P = 
0.65). Total annual reproductive success among males that fledged young from at least one 
brood ranged from 0-21 young, including all surviving offspring sired (mean: 5.2 ± 0.3, n = 
160), and was greater for males that obtained extra-pair fertilizations compared to males that 
were not identified as extra-pair sires (EPP: F\^o= 29.49, P < 0.001; Fig. 5.2). Males that 
maintained paternity in their own nest (WPP) also produced more offspring than males that 
raised at least one unrelated nestling, but only when their social mate initiated a second brood 
within the same breeding season (WPP*second brood: F\^ = 4.72, P = 0.04; Fig. 5.3). 
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No EPP gain EPP gain 
Extra-pair paternity success 
Fig. 5.2. Number of offspring sired by male mountain bluebirds in relation to their extra-pair 
fertilization success. Males that did not gain extra-pair paternity (no EPP gain) produced 
fewer offspring within a breeding season than males that gained extra-pair paternity in at 
least one nest (EPP gain). Shown are least-square means ± SE, calculated after accounting for 
effects of within-pair fertilization success and double brooding. Sample sizes in each group 
are indicated above standard error bars. 
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Fig. 5.3. Number of offspring sired by male mountain bluebirds in relation to whether their 
social mate produced a second brood after successfully fledging young from first broods, and 
whether they lost paternity in either brood. Filled circles indicate males that lost paternity in 
at least one of their broods, while open circles show males that did not lose paternity in either 
first or second broods. Benefits of double brooding were most evident among males that did 
not raise any unrelated offspring. Shown are least-square means ± SE, calculated after 
accounting for effects of extra-pair fertilization success. Sample sizes in each group are 
indicated above standard error bars. 
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5.4.2 Predictors of fertilization success among first broods 
I obtained morphological and genetic data for 118 males in the first year they were 
captured breeding in nest boxes on the study site. There was no evidence for annual variation 
in the effects of clutch initiation date, plumage colour or body condition on the probability of 
male bluebirds gaining extra-pair fertilizations (all interactions with year: P > 0.11). Body 
condition of males also did not predict their ability to obtain extra-pair fertilizations (y2 = 
0.19, P = 0.67), nor was there variation among years in the overall probability of males 
producing extra-pair offspring (year: x2 = 2.0, P = 0.37). However, males with higher 
plumage colour scores, and whose social mates initiated clutches earlier in the season, had a 
greater probability of obtaining extra-pair fertilizations (plumage: x = 4.7, P = 0.03, B = 0.53 
± 0.24 SE; CID: / = 4.4, P = 0.04, B = -0.05 ± 0.03 SE). In contrast, I did not identify any 
variables that predicted whether a male lost paternity in his own nest during first broods (all 
P>0.\5). 
5.4.3 Effect of food supplementation on patterns of paternity in second broods 
Of 30 pairs that produced second broods over the two years of the food 
supplementation experiment, I had morphological data for 18 males and 24 females in both 
broods. Supplemental feeding did not affect body condition of either sex during first broods 
(ANCOVA, males: FlM = 0.70, P = 0.41; females: Fhl3 = 2.25, P = 0.14), nor did it influence 
change in body mass between broods (independent samples Mest, males: mean difference 
between first and second brood, control - fed = -0.02 g, df= 16, t = -0.03, P = 0.97; females: 
mean difference, control - fed = 0.33 g, df= 22, / = 0.62, P = 0.54). I had complete paternity 
data for 26 second broods produced by pairs that were included in the feeding experiment; 
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there were no differences between study years in the probability of males losing paternity in 
second broods (year: x = 0.96, P = 0.33), and paternity loss in first broods did not predict 
subsequent loss of paternity in second broods {j = 0.44, P = 0.51). Second broods produced 
by supplemented birds, however, were less likely to contain EPO compared to second broods 
of control birds (food: reference = controls; B = -2.21 ± 0.99 S E ; / = 5.0, P = 0.03). There 
was no additional effect of the timing treatment (timing: x* = 0.96, P = 0.62). 
5.5 Discussion 
I provide experimental evidence that increased food availability in first broods 
reduced the probability of male mountain bluebirds losing paternity in their own nest during 
subsequent broods in the same breeding season. I suggest that this effect may have been a 
consequence of enhancement of female perception of the quality of their social mate, due to 
the direct effects of food provisioning on male behaviours such as mate and nestling feeding, 
and that this reduced the probability that females would seek extra-pair mating opportunities 
in second broods. In my study population, plumage colour predicted male EPF success in 
first broods over three years, but was not associated with males maintaining WPP (but see 
Balenger et al. 2009a for contrasting results in another population). Taken together, my 
results therefore suggest that male traits other than plumage ornamentation, in particular 
behavioural traits that may take time for females to evaluate and that are not necessarily 
correlated with ornamental traits (Balenger et al. 2007), may be important determinants of 
male WPF success in some socially monogamous birds. Female birds may assess behaviours 
such as provisioning effort as indicators of male genetic quality (Pizzari 2003), and my 
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results highlight the need for further investigations into behavioural cues that may serve as 
honest signals of genetic quality. 
This study is the first to examine total annual reproductive success of male mountain 
bluebirds over an entire breeding season (including second broods), and I show that males in 
my population significantly improved their annual reproductive success by either obtaining 
EPP in other nests (Fig. 5.2; see also Balenger et al. 2009b), or by both pairing with a female 
that produced a second brood, and maintaining WPP in both broods (Fig. 5.3). Supplemented 
males were more likely to maintain paternity in second broods of their social mates; 
interestingly, supplemented females were also more likely to double brood in this population 
(see Chapter 4). These combined effects indicate that ecological factors such as food 
availability may have a significant influence on male reproductive success and sexual 
selection on male parental behaviour in this, and potentially other, multiple-brooded species. 
Moreover, females that pair with the same male in subsequent breeding seasons may base 
their mating decisions partly on knowledge of a male's previous breeding performance (e.g. 
Gowaty and Bridges 1991). Indeed, at least half of the adults in my study population are 
returning breeders, and female bluebirds commonly pair with the same social mate between 
breeding seasons (Power and Lombardo 1996), suggesting that prior knowledge of 
individuals may be an important influence on current mating decisions. Longitudinal 
investigations will therefore also be important for future studies to determine whether 
ecological conditions and associated male reproductive investment in one year can carry over 
to affect fertilization success with the same female in subsequent years. 
Despite abundant evidence that EPP occurs in socially monogamous birds, few 
studies have been able to distinguish between hypotheses based on male versus female 
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behaviour in explaining patterns of EPP within or among species (Westneat and Stewart 
2003; Eliassen and Kokko 2008). By supplementing pairs throughout first broods and 
examining subsequent patterns of paternity in second breeding attempts, I was able to 
exclude several alternative explanations for the effect of food availability on male WPF 
success. The amount of food provided each day was not sufficient to prevent females from 
moving around the entire territory to forage once supplemental food was consumed (see 
Methods), nor did supplements alter female condition in first broods or their change in mass 
between broods. The food supplementation treatment was therefore unlikely to have 
restricted the ability of females to encounter prospective extra-pair mates on the margins of 
their territories by limiting their movements away from the nest site (as shown by Vaclav et 
al. 2003 in house sparrows). Moreover, supplements were discontinued once first brood 
nestlings reached 17 days of age; hence, when female bluebirds were again fertile and 
preparing to initiate second clutches, they would no longer have been receiving supplemental 
food, and direct effects of supplements on female extra-pair mating behaviour were therefore 
unlikely. Males provided with supplemental food may be able to guard their social mate 
more effectively since mate-guarding is energetically costly (Komdeur 2001); however, male 
birds generally have little opportunity to mate-guard during second breeding attempts in 
multiple-brooded species, since they often provide considerable post-fledging care of first 
brood young at this time (Power and Lombardo 1996; Conrad et al. 1998). Moreover, food 
supplementation did not affect male body condition during first broods, or the change in 
body mass between broods, and so I have no evidence that supplemented males had more 
energy reserves available to allocate to mate-guarding. This lack of an effect on male 
condition also makes it unlikely that supplemented males were able to invest more resources 
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in sperm production (Burness et al. 2008). The 'constrained female hypothesis' (Gowaty 
1996) predicts that females are energetically limited from escaping male paternity guards, 
and that supplemental food should increase a female's ability to obtain extra-pair 
copulations; my results, however, showed the opposite effect in that supplemented females 
were less likely to have EPP in second broods. It is also unlikely that supplemented females 
engaged in fewer extra-pair copulations during formation of second clutches to avoid losing 
the high level of parental investment received from their social mate in first broods, since 
males in the majority of bird species are either unable to assess paternity loss, or do not 
respond by reducing their parental investment (Kempenaers and Sheldon 1996, and 
references therein). Male bluebirds typically responded to food provisioning by delivering 
supplements to the incubating female or to nestlings, and the results of this study therefore 
more likely reflect female mating decisions in response to enhancement of the perceived 
quality of their social mate or his territory by food supplementation. 
In addition to the effects of plumage colour on male EPF success in first broods, the 
clutch initiation date of a male's social mate also independently predicted his ability to obtain 
EPP, but did not affect the probability of that male losing paternity in his own nest. Thus, 
older or higher quality female mountain bluebirds in my study population (that initiate first 
broods earlier) are neither more nor less likely to produce EPO, but males paired with these 
high quality females are more successful at obtaining EPF in other nests. This suggests that, 
while early-breeding male bluebirds may be no more successful at securing WPP than later-
breeding males, they are liberated from the constraints of guarding their social mates earlier 
in the season, and so may have more opportunities to obtain EPF once their social mate has 
begun incubating (Foote and Barber 2009). If these males were themselves of higher quality 
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according to phenotypic traits that influenced their ability to secure EPF, independent of 
plumage colour (e.g. sperm quality; Pizzari et al. 2007), one might expect that they would 
also be better able to maintain WPP. Since this was not the case, it is more likely that early-
breeding male bluebirds were simply able to allocate more time to seeking extra-pair mating 
opportunities. Attracting a high-quality social mate that initiates breeding early in the season 
may have considerable advantages for male birds in terms of offspring number or quality 
(e.g. Smith and Moore 2005); since EPF success significantly increased total male 
reproductive success in this population (Fig. 5.2), my results suggest that an additional 
benefit of attracting an early-breeding social mate may be in the additional offspring a male 
will have the potential to sire in other nests. 
Anthropogenic food supplements have a wide range of consequences for birds, 
affecting life history traits ranging from egg quantity and quality to adult survival (Robb et 
al. 2008). Results of my study suggest that such artificial enhancements of food availability 
may have additional effects on reproductive behaviour, patterns of female paternity 
allocation, and ultimately sexual selection and genetic variation within temperate songbird 
populations, and these effects may be particularly important when supplementation extends 
into the breeding season. Carry-over effects of supplemental feeding in subsequent breeding 
seasons have also been shown in some measures of avian reproductive investment (e.g. 
clutch size and timing of breeding; Brommer et al. 2004), and in light of my results, I suggest 
that future studies should address the potential for supplemental feeding to affect male 
reproductive investment and female mating decisions in a wider range of bird species, both 
within and between breeding seasons. 
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My results indicate that maintenance of within-pair paternity may be as important as 
EPF gains in determining total reproductive success of male mountain bluebirds, and 
plumage colour or other morphological traits may have less of an influence than behavioural 
and/or ecological factors on WPF success of males in this species. It is also important to note, 
however, that this study only examined reproductive success of individual males within a 
breeding season. If brightly coloured males invest more energy into obtaining EPF, and less 
into arguably more costly behaviours associated with parental care and maintenance of WPP, 
they may have a higher annual survival probability and so ultimately have greater lifetime 
reproductive success; longitudinal studies that measure relative investment in within- and 
extra-pair mating opportunities over the lifetime of individual male birds will be necessary to 
address this question. However, my results demonstrate the influence that ecological 
variables such as food availability can have on annual patterns of paternity in populations of 
socially monogamous birds, and suggest that consideration of environmental context will be 
a productive direction for future investigations of mate choice and sexual selection in socially 
monogamous species. 
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6. Hedging bets in variable environments: Contextual benefits of female extra-pair mate 
choice in relation to male plumage ornamentation 
6.1 Abstract 
The evolution of mating preferences based on phenotypic indicators of genetic quality 
requires the existence of mechanisms that maintain genetic variation in both traits and trait 
preferences. Gene-by-environment interactions (GEIs) are potentially important in this 
regard, but GEIs may also render indicator traits unreliable by generating environmentally-
contingent phenotypes. Extra-pair paternity in socially monogamous birds has been 
suggested to be a "bet-hedging" response to GEI-mediated unreliability of male indicator 
traits. However, the reliability of male ornamental traits as signals of genetic quality, and the 
linkage between these traits and offspring quality, have rarely been directly tested, 
particularly under experimentally manipulated rearing conditions. In this study, I use an 
extra-pair mating system in mountain bluebirds {Sialia currucoides), combined with a food 
supplementation experiment, to test the hypothesis that female birds seek extra-pair 
fertilizations, not just to obtain good genes, but more specifically as a genetic bet-hedging 
strategy in response to GEIs. Extra-pair paternity is common in this species (up to 70% of 
broods contain extra-pair offspring), and male extra-pair fertilization success is predicted by 
degree of plumage ornamentation. Analysis of phenotypic measurements of 222 nestling 
bluebirds that were raised by an unrelated male, and whose genetic father was known, 
showed that offspring of more highly ornamented males grew longer flight feathers, but only 
when they were also raised by highly ornamented social fathers. Provisioning of 
supplemental food throughout the nestling period provided experimental support for this 
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apparent context-dependence of genetic benefits of female preference for highly ornamented 
males: extra-pair offspring grew longer flight feathers, a trait that predicts feather length in 
adulthood in this population, compared to maternal half-siblings of the same sex, but only in 
supplemented broods. This difference was further contingent on females being paired with 
low-quality males, where I predicted extra-pair offspring to be of higher genetic quality than 
their within-pair half-siblings based on paternal genetic contribution alone. My results 
indicate that genetic benefits of female preferences for highly ornamented males depend on 
the rearing environment experienced by offspring, and support the hypothesis that extra-pair 
paternity represents a form of genetic bet-hedging in response to this environmental 
contingency. I suggest that future studies should explicitly examine this linkage between 
sexually selected male traits and offspring quality or fitness under a range of environmental 
conditions, because the strength and consistency of this linkage is critical for the evolution 
and maintenance of female mating preferences. 
6.2 Introduction 
The evolution of mate choice has been the focus of a vast amount of research since 
Darwin (1871) proposed that mating preferences drive the elaboration of ornamental traits. 
Several mechanisms have been suggested to account for the evolution of mating preferences; 
the most obvious, and least contested, is the direct benefits model, which predicts that mate 
choice allows the choosing sex (usually females) to obtain resources that directly increase 
their fitness, such as access to high-quality territories, food, or parental care (Moller and 
Jennions 2001). Females may gauge the ability of a male to provide these resources 
according to condition-dependent ornamental traits, since only the highest quality males will 
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be capable of producing and maintaining such traits (Zahavi 1975). Under conditions where 
females do not obtain direct benefits from mates, however, they may still exhibit consistent 
preferences for males displaying elaborate ornaments. The good genes hypothesis has been 
proposed as an explanation for the evolution of these apparent mating preferences in the 
absence of direct benefits (reviewed in Kokko et al. 2003). This hypothesis states that 
females select mates displaying high-quality ornamental traits to obtain genetic benefits for 
their offspring, since condition-dependent ornaments appear to serve as reliable indicators of 
male genetic quality (e.g. David et al. 2000). 
Indicator mechanisms for the evolution of mate choice, such as the good genes 
hypothesis, require a means for the maintenance of genetic variation in the face of congruent 
female preferences that may otherwise lead to fixation of heritable traits and preferences. The 
parasite hypothesis (Hamilton and Zuk 1982) provided a possible resolution of this 'lek 
paradox' (Kirkpatrick and Ryan 1991), suggesting that co-evolution of hosts and parasites 
may drive the evolution of preferences for condition-dependent ornamental traits, if those 
traits reflect the degree of resistance to parasites. Since parasite resistance genes are 
constantly changing, no equilibrium in traits or preferences can be achieved. Other 
mechanisms have since been identified that can potentially maintain variation in both the 
genetic basis for sexually selected traits, as well as the phenotypic expression of that genetic 
variation. Rowe and Houle (1996) suggested that condition-dependent sexually selected traits 
(Andersson 1994) necessarily reflect genetic variation, since overall condition is a 
consequence of genome-wide quality, and so itself typically exhibits large genetic variance 
(Price and Schluter 1991; Kotiaho et al. 2001). Phenotypic expression of genetic variation 
may also differ among environments, or different genotypes may perform optimally under 
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different conditions (genotype-by-environment interactions, GEIs), such that the relative 
quality of a sexually selected trait will depend on the environmental context (e.g. Qvarnstrom 
1999; Jia et al. 2000; Welch 2003). 
GEIs represent a potentially important mechanism for the maintenance of variation in 
sexually selected signals under the variable conditions experienced by organisms in natural 
environments (Kokko et al. 2003). This mechanism also has the potential, however, to render 
such signals unreliable, and hence to make the genetic benefits of mate choice based on 
indicators of phenotypic quality unpredictable (Greenfield and Rodriguez 2004). If male 
phenotype reflects not only their genetic quality, but also the effect of past environmental 
conditions on expression of that quality, then a female cannot be assured that her offspring 
will exhibit a similar phenotype when exposed to environmental conditions that are 
unpredictable at the time of mate choice, and which may not be consistent with those 
previously experienced by her chosen mate. For this reason, the evolution of mate choice is 
believed to be constrained, rather than facilitated, by GEIs (Hunt et al. 2004). Mating with 
multiple males who are likely to possess good genes, however, a behaviour referred to as 
'genetic bet-hedging' (Watson 1991), has been suggested as a solution to the situation where 
female ability to assess male quality is imperfect (Yasui 1998). The high incidence of extra-
pair paternity (EPP) among socially monogamous birds may similarly reflect genetic bet-
hedging by females faced with GEI-mediated unreliability of male ornamental indicator traits 
(Jennions and Petrie 2000). Females engaging in extra-pair mating appear to largely gain 
only genetic material from males they mate with outside of the social pair bond (Jennions 
and Petrie 2000). In many species, males expressing elaborate traits have higher extra-pair 
mating success (e.g. Houtman 1992; Hasselquist et al. 1996; Bitton et al. 2007), and female 
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birds appear to seek out extra-pair mating opportunities (Gowaty and Bridges 1991; Chiver et 
al. 2008), indicating that EPP at least partly reflects active female mate choice based on 
phenotypic indicators of male genetic quality. EPP therefore allows us to specifically test the 
genetic bet-hedging hypothesis as an indirect benefits model of female mate choice, and in 
particular as an explanation for female multiple mating. 
There are now abundant studies of EPP in birds that generally assess the good genes 
hypothesis, most using phenotypic comparisons of within- and extra-pair offspring (reviewed 
in Griffith et al. 2002). Results of these studies have been mixed, but many have been unable 
to detect additive genetic benefits of EPP, leading some authors to suggest genetic benefits 
may be mostly non-additive (i.e. via genetic compatibility between mates, Griffith and 
Immler 2009). For EPP to be maintained as a bet-hedging strategy where GEIs render the 
benefits of mate choice unpredictable, however, females need only gain a fitness payoff 
under some conditions, and at minimum must experience little fitness costs, due to extra-pair 
fertilizations (Schmoll et al. 2005; also described by Kokko et al. 2006 for the maintenance 
of mate preferences in general). We would therefore not necessarily expect to detect 
consistent differences between maternal half-siblings under all conditions. Indeed, there is 
some evidence that the quality of extra-pair offspring relative to their maternal half-siblings 
depends on environmental context (e.g. Schmoll et al. 2005; Garvin et al. 2006; O'Brien and 
Dawson 2007), although no previous studies of wild bird populations have demonstrated 
such context-dependence under experimentally altered conditions. 
In this study, I use an extra-pair mating system in mountain bluebirds {Sialia 
currucoides), combined with a food supplementation experiment, to test the hypothesis that 
female birds seek extra-pair fertilizations, not just to obtain good genes, but more specifically 
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as a genetic bet-hedging strategy in response to GEIs. Up to 70% of broods contain extra-pair 
offspring in my study population (see Chapter 5), indicating that multiple mating is common 
among females. Extra-pair fertilization success of male mountain bluebirds is positively 
related to their degree of plumage ornamentation (Balenger et al. 2009a; see also Chapter 5), 
which suggests that females in this species respond to male plumage display in selecting 
extra-pair mates. It is not known, however, whether the quality of this plumage signal is a 
reliable indicator of male genetic quality, and whether this quality is in turn reflected in 
offspring phenotype. I predicted that, if male plumage quality indeed reflects their genetic 
quality, but GEIs affect the phenotypic expression of genetic variation, the fitness benefits of 
female preference for males displaying high-quality plumage traits would be evident in 
offspring phenotype under only some natal conditions. I tested this prediction in two ways: 
first, I used three years of data to assess the specific linkage between offspring phenotypic 
quality and plumage colouration of their genetic father, for all nestlings that were raised by 
an unrelated male. Plumage colour of the attending male was included in this analysis as an 
index of the quality of the rearing environment. Secondly, to experimentally determine 
whether the genetic benefits of female extra-pair mate choice based on male plumage 
colouration are dependent on natal environment, I used a food supplementation manipulation 
carried out over two years to examine the relative performance of maternal half-siblings 
under varying levels of nutritional stress. 
6.3 Methods 
6.3.1 Study area, species and general field procedures 
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I studied mountain bluebirds breeding in nest boxes in central British Columbia, 
Canada (51°N, 122°W) from 2006-2008. The site contained 87 pairs of nest boxes mounted 
on fence posts approximately 200 m apart; characteristics of the study site were described in 
more detail in previous chapters. Starting in late April, nests were checked every other day to 
determine clutch initiation date and clutch size. Completed clutches were then checked daily 
beginning 12 days after clutch completion to determine hatching date (designated nestling 
day 0). Nestlings were individually marked with a non-toxic pen and weighed with an 
electronic balance (nearest 0.01 g) on day 1 to determine their position within the brood size 
hierarchy. When nestlings were 13 days old, I banded them with a numbered aluminum band, 
and collected blood samples (approximately 50 ul) by puncturing the brachial vein. Nestling 
mountain bluebirds fledge between the ages of 18-21 days, but can fledge prematurely if 
disturbed late in the nestling period; I therefore took final measurements, including mass 
(with a spring balance, nearest 0.125 g), tarsus length (nearest 0.1 mm with digital calipers), 
and length of eighth primary wing feather (nearest 0.1 mm with a ruler), when nestlings were 
15 days old. Sex of nestling mountain bluebirds can be determined by the colour of the wing 
and tail feathers prior to fledging (Power and Lombardo 1996; Chapter 3); sex of nestlings 
was therefore also determined on day 15. Adults were captured in nest boxes while they were 
feeding young, and were banded with a unique combination of three coloured plastic leg 
bands and one numbered aluminum band. I collected 8-10 rump feathers for spectral analysis 
and approximately 50 ul of blood from all adults at the time of capture. 
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6.3.2 Cross-fostering experiment 
Extra-pair offspring whose genetic sires are known can be used to investigate the 
relationship between phenotypic quality of nestlings and the degree of plumage 
ornamentation of their genetic father. Since EPO are raised by an unrelated male, it is 
possible to dissociate genetic from environmental effects of paternal plumage quality on 
offspring phenotype. I was unable to identify the genetic sires of many EPO in this 
population, however (see Chapter 5), and so I also used a cross-fostering experiment 
conducted over two years to increase the sample size for this analysis. Pairs of clutches were 
matched for clutch size, and eggs were exchanged between nests after approximately one 
week of incubation. Nest box entrances were blocked to prevent adults from entering while a 
clutch was being exchanged, and each exchange required less than 10 min to complete. 
Females were then allowed to resume incubation, and adults raised young as normal once 
eggs hatched. Details of this manipulation are described in Chapter 4; although this 
experiment was also designed to manipulate hatching dates from the perspective of 
individual females, this manipulation did not alter total incubation time for eggs, and 
advancing or delaying hatch for females did not affect nestling phenotype (E. O'Brien, 
unpublished data). 
6.3.3 Feeding experiment 
During 2007-2008,1 used a food supplementation experiment to reduce nutritional 
stress experienced by nestlings during development; details of this manipulation were 
described in Chapter 4. Nests were paired according to estimated hatching date and one nest 
in each pair was randomly assigned to the feeding treatment. Supplemented birds were 
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provided with 12 g of mealworms and waxworms daily (8 g of mealworms and 4 g of 
waxworms). This represents approximately 50% of the daily energy requirements of an adult 
bluebird during incubation and brood rearing (Mock 1991; Merkle and Barclay 1996). Food 
was provided in a small dish installed on a fence post within 1 m of each nest box, from 
approximately 4 days prior to the expected hatching date until nestlings were 17 days old. 
During the nestling period, both adults were observed delivering supplemental food to young, 
so nestlings in supplemented broods would have experienced lower nutritional stress 
throughout development compared to control birds. No other species were observed to feed 
on supplements, which were generally consumed or fed to nestlings by the resident adults 
within several hours each day, and I am therefore confident that supplemented birds had 
exclusive access to all of the food provided. 
6.3.4 Male plumage colour analysis 
Feathers were stored in opaque envelopes at room temperature prior to analysis. I 
used an Ocean Optics USB2000 spectrometer (Dunedin, FL, USA) with a deuterium tungsten 
halogen light source (Avantes, Broomfield, CO, USA) to measure spectral characteristics of 
feathers across the range of wavelengths perceived by songbirds (300 - 700 nm, Hart 2001). 
Reflectance at each wavelength was determined as the proportion of light reflected relative to 
a white standard (WS-1, Ocean Optics, Dunedin, FL, USA). Feathers were mounted on a 
non-reflective black background and overlapped to mimic the natural orientation of body 
contour feathers on birds (Siefferman and Hill 2003). I used a bifurcated probe fixed in a 
cylindrical sheath that excluded ambient light and maintained the probe perpendicular to the 
feather surface. I took three measurements at random locations on each feather sample, and 
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used the average of these values to generate individual spectral curves. The average spectral 
curve for rump feathers of males in my study population was shown in Fig. 5.1 (Chapter 5). 
Following the methods of Balenger et al. (2009a), I summarized the spectral curve for 
each individual male using the measures of hue, brightness and UV-blue chroma, which I 
extracted from the original spectral data using CLR v. 1.05 (Montgomerie 2008). Hue 
represented the wavelength of maximal light reflectance, brightness was a measure of the 
total amount of light reflected relative to the white standard, and UV-blue chroma 
represented the proportion of light reflected within the ultraviolet and blue wavelength range 
(300 - 512 nm) relative to the entire 300 - 700 nm spectrum. I then used principal 
components analysis to reduce these three correlated measures into a single colour score 
(Montgomerie 2006). The first principal component (PCI) explained 61.6% of the variation 
in feather colour, with the following factor loadings: hue = -0.894, UV-Blue chroma = 0.930, 
brightness = 0.425. Thus, birds with higher PCI scores had hues shifted further into UV 
wavelengths, had a greater proportion of their spectral reflectance falling within the blue-UV 
wavelength range, and tended to be overall brighter. For ease of interpretation of differences 
between within-pair and extra-pair male plumage scores (below), 1 first converted all PCI 
scores to positive values by adding the largest negative score to all PCI scores before 
calculating differences. 
6.3.5 Paternity assignment 
I stored blood samples in 1 ml of Queen's lysis buffer (Seutin et al. 1991) at 4°C, and 
extracted DNA using Qiagen DNeasy extraction kits. To assign paternity, I genotyped adults 
and nestlings at five microsatellite loci designed for use in mountain or eastern bluebirds 
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{Sialia sialis), including Mobl087, Mobl049, Eabll29 and Eabl007 (Balenger et al. 2009), 
and Mobl053 (H.L. Mays Jr., pers. comm.). Details of the genotyping protocols and allelic 
variability for these loci were reported in Chapter 5.1 used CERVUS 3.0 (Kalinowski et al. 
2007) to determine allele frequencies and exclusion probabilities for all microsatellite loci, 
and to identify extra-pair sires where possible. I genotyped 139 adult females, 112 adult 
males, and 1170 nestlings (first and second broods over three years) at five loci, with the 
exception of one adult male and five nestlings that I was unable to genotype at one locus. 
Nestlings were classified as within-pair offspring (WPO) if they matched the resident male at 
all loci, and extra-pair offspring (EPO) if they mismatched the attending male at a minimum 
of one locus. Only 32 of 371 EPO mismatched at a single locus, and these EPO commonly 
shared the mismatching allele with at least one sibling that mismatched the attending male at 
one or more additional loci. I am therefore confident with my paternity assignments using 
this criterion. No nestlings mismatched the maternal genotype, so all were assumed to be 
genetically related to the resident female. Observations of banded birds in my study 
population indicate that males are very rarely able to usurp occupied territories during the 
egg laying period (E. O'Brien, unpublished data), and I am therefore confident that paternal 
mismatches reflected extra-pair mating by the resident female rather than social mate 
replacement. I had complete paternity information for 51 breeding pairs in 2006, 59 in 2007 
and 67 in 2008 (177 total). 
6.3.6 Statistical analyses 
Male plumage colour and offspring quality 
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I used linear mixed models to assess the influence of paternal plumage colouration on 
phenotypic quality of offspring using all first-brood nestlings that were raised by an unrelated 
social father, and whose genetic father was known, over three study years (2006-08, n = 222 
nestlings). This included all extra-pair offspring with known sires {n = 94), since these 
nestlings were raised by an unrelated male, and I had plumage data for both the social and 
genetic fathers. Within-pair young (and extra-pair young with known genetic sires) that were 
part of the clutch exchange experiment {n = 128) were also included in this analysis since 
they were comparable to extra-pair offspring in non-cross-fostered broods, in that they were 
raised by an unrelated social father, and the identity of their genetic father was known. 
Analyses of phenotypic measurements of nestlings recruiting as yearling breeders within my 
study area {n = 66) have shown that body mass at fledging predicts mass in the first breeding 
season for both males and females, and similarly, that length of the eighth primary feather at 
fledging predicts this trait in adulthood (unpublished results: analysis of covariance, mass: B 
= 0.21, F
 U53 = 8.44, P = 0.005; eighth primary: B = 0.14, F XM = 7.50, P = 0.009). These 
traits may be relevant indicators of subsequent fitness; for example, female condition or body 
mass may affect investment of resources in eggs, which has implications for offspring growth 
and recruitment (Moreno et al. 2008). Wing feather length determines age at fledging in 
songbirds (Roff et al. 2005), and is also correlated with structural plumage ornamentation in 
adult male bluebirds (Balenger et al. 2007), a trait that in turn predicts male reproductive 
success (Balenger et al. 2009a; Chapter 5). I therefore focused my analyses on fledging mass 
and length of the eighth primary feather as offspring phenotypic response variables. 
To account for the fact that nestlings raised in the same natal environment are not 
independent, I used nest identity as a random factor in all models. Plumage quality measures 
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(PCI scores, above) of the genetic and social father were included as covariates in the fixed 
effects model; plumage score of the genetic father tested whether this trait reliably signals 
male genetic quality, and whether this is reflected in phenotypic quality of their offspring. 
The plumage score of the social father provided an index of quality of the rearing 
environment; although brighter, bluer male mountain bluebirds do not differ in their own 
parental investment (Balenger et al. 2007), the quality of the natal environment may be 
correlated with plumage quality of male birds via the linkage between male plumage and 
territory quality (Keyser and Hill 2000), or differential female reproductive investment in 
response to the quality of their social mate (e.g. de Lope and Moller 1993). Since nestlings 
that were part of the clutch exchange experiment were not raised by their genetic mother 
whereas extra-pair offspring were, I also included a bivariate term ("genetic mother") that 
accounted for this difference. Initial models also included year and offspring sex as fixed 
effects, as well as all first-order interactions, and non-significant terms were removed using a 
backward stepwise procedure. 
Genetic benefits of EPP: Environmental contingency 
Food supplementation during 2007-2008 allowed me to experimentally assess the 
hypothesis that relative performance of EPO, and hence the expression of genetic benefits of 
extra-pair mating, depends on environmental conditions experienced during development. To 
examine relative performance of EPO, I matched half-sibling dyads by sex, and calculated 
the difference in mass and eighth primary feather length at fledging for each pair (EPO -
WPO trait value). Using this approach, I was able to match 81 half-sibling dyads in 54 nests. 
Although this did not allow me to include all known EPO in the analysis, it ensured that I 
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was able to control for potential non-genetic factors such as sex differences in phenotype and 
sensitivity to environmental conditions (e.g. Rowland et al. 2007; Wilkin and Sheldon 2009). 
I used linear mixed models for these analyses, and included food supplementation as a fixed 
factor in all models. I also entered year and sex of dyad as fixed factors, and difference in 
mass at day 1 between nestlings in a dyad (EPO mass - WPO mass, to account for relative 
position in the initial brood size hierarchy) as a covariate in initial models. Some nests were 
included in the clutch exchange experiment and, as above, I therefore also included a 
bivariate term ("genetic mother") as a fixed factor to account for whether or not the dyad was 
raised by their genetic mother. Nest identity was included as a random effect to account for 
the fact that comparisons of maternal half-sibling dyads within the same brood are not 
independent. 
Because male bluebirds with higher plumage colour scores are more likely to obtain 
extra-pair ferilizations (Balenger et al. 2009a, see also Chapter 5), but male plumage colour 
in my study population does not similarly predict maintenance of within-pair paternity, some 
females that produce extra-pair young will be "trading up" based on male plumage quality 
more than others, depending on the quality of their social mate. Indeed, the difference in 
plumage colour score between resident and known extra-pair males (extra-pair male PC 1 -
resident male PCI) was strongly negatively correlated with the plumage score of the resident 
male: females paired with relatively dull males were "trading up" via extra-pair mating to a 
greater degree than females paired with relatively bright, blue social mates {r = -0.79, P < 
0.001, n = 58; Fig 6.1). We would therefore predict that, under optimal rearing conditions, 
the relative performance of EPO compared to their within-pair half-siblings would be greater 
when this difference in plumage scores was larger, if male plumage colour indeed reflects 
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Fig. 6.1. Relationship between the plumage colour score of the resident male and the 
difference in plumage score between resident and extra-pair males for 58 nests of mountain 
bluebirds in which at least one extra-pair sire was identified. Plumage scores were scaled by 
the lowest score to convert all scores to positive values for ease of interpretation of 
differences. Males with higher plumage scores displayed brighter, bluer plumage. 
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their genetic quality. Since I was only able to identify approximately half of the sires of EPO 
in this population (see Chapter 5), however, and given the strong correlation above, I 
included as a covariate the plumage score of the sire of the WPO, representing an index of 
this difference in male phenotypic quality. This allowed me to include all maternal half-
sibling comparisons in the analysis, regardless of whether the extra-pair sire was known. All 
first-order interactions were included in initial models, and non-significant terms were 
sequentially removed using a backward stepwise procedure. To maximize the sample size for 
this analysis, I included as controls all first broods that were not supplemented over the two 
study years, and in which I was able to match at least one half-sibling dyad; the sample size 
of control nests was therefore greater than that of supplemented nests {n = 36 control, 18 
supplemented broods). All nests included as controls were, however, treated the same as 
experimental nests in terms of number of visits and nestling measurements. 
All analyses were conducted using SPSS 16.0 (Norusis 2000), and results were 
considered significant at the 0.05 level. I present means ± 1 SE unless otherwise indicated. 
6.4 Results 
6.4.1 Male plumage colour and offspring quality 
Fledging mass of nestling bluebirds was not affected by plumage quality of either 
their social or genetic father (Table 6.1). This trait was similarly unaffected by whether 
nestlings were raised by their genetic mother, and there were no differences in fledging mass 
among study years (Table 6.1). Male nestlings did, however, fledge at a heavier mass than 
females (Table 6.1; male mass: 31.79 ± 0.26 g, female mass: 31.40 ± 0.27 g). Fledging mass 
also varied according to the nest in which chicks were raised (nest as random factor, P < 
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Table 6.1. Results of linear mixed models examining predictors of fledging mass and eighth 
primary length of nestling mountain bluebirds. Analyses included 222 nestlings in 75 nests 
over 3 years, and examined only nestlings that were raised by a male other than their genetic 
father (extra-pair offspring whose genetic sire was known, and within-pair offspring that 
were cross-fostered). Nest identity was included as a random factor in all models {P < 0.001 
for both mass and eighth primary feather length). 
Variable 
Year 
GenMother* 
Sex 
SocMPCl* 
GenMPCl* 
SocMPCl*GenMPCl 
F 
2.44 
0.95 
3.96 
0.006 
0.059 
Mass 
df 
2,67 
1,68 
1,163 
1,64 
1,178 
P 
0.10 
0.33 
0.048 
0.94 
0.81 
Length of 8th primary 
F 
0.29 
0.021 
2.21 
0.28 
0.007 
3.58 
df P 
2,67 0.75 
1,66 0.89 
1,163 0.14 
1,68 0.60 
1,180 0.93 
1,195 0.06 
'Variable accounting for whether the genetic mother raised the nestling, i.e. if it was an extra-
pair offspring or cross-fostered. Plumage colour score of the social father. * Plumage colour 
score of the genetic father. 
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0.001). For eighth primary feather length, I similarly detected significant variation among 
nests {P < 0.001). Although none of the fixed effects in the model predicted eighth primary 
feather length, the interaction between plumage colour of the social and genetic father was 
marginally significant (Table 6.1). To explore this interaction further, I examined the 
influence of the plumage colour score of the social father on eighth primary length, separated 
by whether the nestling was sired by a male with a high or low plumage colour score 
(relative to the mean score for all males in this analysis). Using the predicted values from the 
mixed model that accounted for variation due to natal environment (nest), I found that 
nestlings sired by males with high plumage colour scores (i.e. males that were of presumably 
high genetic quality) were able to grow longer primary feathers by day 15, but only when 
they were raised by a social father of similar higher quality (Fig. 6.2). In contrast, nestlings 
sired by males with low colour scores (and of presumably lower genetic quality) attained a 
moderate feather length at fledging, and this trait did not vary according to the quality of 
their social father (Fig. 6.2). 
6.4.2 Genetic benefits of EPP: Environmental contingency 
The food supplementation experiment allowed me to specifically examine the role of 
developmental environment in influencing phenotypic expression of genetic variation in 
nestling bluebirds. In addition, this analysis focused on whether female bluebirds gain 
context-dependent indirect benefits for offspring through the choice of extra-pair mates 
displaying bright, blue plumage (Chapter 5) by examining relative performance of individual 
EPO compared to a within-pair half-sibling of the same sex. None of the variables in the 
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Fig. 6.2. Interaction between plumage colour scores of the genetic and social father in 
determining length of the eighth primary feather just prior to fledging for nestling mountain 
bluebirds. Filled circles represent nestlings sired by males with high plumage scores, of 
predicted high genetic quality, while open circles indicate nestlings sired by lower-quality 
males that displayed relatively dull plumage. Data include extra-pair offspring whose genetic 
father was known, as well as within-pair offspring that were experimentally cross-fostered, 
and hence were also raised by an unrelated male. Regression line equation for nestlings sired 
by high-quality males: Eighth primary length = 0.92(resident PCI) + 38.94; nestlings sired 
by low-quality males: Eighth primary length = -0.066(resident PCI) + 38.69. 
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fixed effects model predicted relative fledging mass of EPO (Table 6.2). For relative length 
of the eighth primary feather, however, I detected a significant interaction between food 
supplementation and plumage colour of the resident male (Table 6.2). To investigate this 
interaction, I examined the effect of food supplementation separately for half-sibling dyads 
raised by males with relatively low vs. high plumage colour scores. I found that when the 
resident male had a low colour score (where I predicted extra-pair males to be of 
significantly higher genetic quality; see Fig. 6.1), EPO grew their feathers significantly 
longer than their within-pair half-siblings, but only in supplemented broods (Fig. 6.3). In 
contrast, when the resident male had a high plumage colour score, and WPO were therefore 
predicted to be of relatively high quality, WPO in fact fledged with longer primary feathers 
than EPO, but again, only under favourable rearing conditions (Fig. 6.3). Under less 
favourable conditions (control nests), the pattern of maternal half-sibling performance was 
opposite to that predicted by paternal quality. This suggests that under conditions of greater 
nutritional stress, phenotypic (and genetic) quality of male bluebirds does not reliably predict 
the quality of their offspring in terms of phenotypic measures such as flight feather growth, 
and females may in fact benefit more in this respect from mating with less ornamented males. 
Relative feather length was also strongly influenced by the position of nestlings in the initial 
brood size hierarchy: the nestling that was heavier at hatching grew longer feathers by 15 
days of age (parameter estimate for difference in mass at day 1 = 2.75 ± 0.34; Table 6.2). 
6.5 Discussion 
For females to select mates of high quality to obtain genetic benefits for offspring, as 
suggested by the good genes hypothesis, they must be able to assess the quality of 
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Table 6.2. Results of linear mixed models examining predictors of relative mass and eighth 
primary feather length of extra-pair and within-pair offspring in broods of mountain 
bluebirds. Analyses included 81 half-sibling dyads, matched by sex, in 54 nests over two 
years. Nest identity was included as a random factor in all models, but did not predict relative 
nestling measures {P = 0.65 for mass and P = 0.55 for eighth primary feather length). 
Variable 
Year 
GenMother1^ 
Sex Dyad 
Supplement 
WPsirePCl* 
DiffMassDl 
Supp* WPSirePCl 
Difference in mass 
F 
1.21 
1.26 
0.93 
0.12 
1.20 
0.65 
df 
1,69 
1,51 
1,75 
1,47 
1,47 
U l 
P 
0.28 
0.27 
0.34 
0.73 
0.28 
0.42 
Difference 
F 
0.53 
0.046 
1.88 
0.36 
0.003 
63.55 
12.05 
in length of 8 
df 
1,69 
1,51 
1,75 
1,65 
1,58 
1,79 
1,57 
Ith primary 
P 
0.47 
0.83 
0.18 
0.55 
0.96 
<0.001 
0.001 
Variable accounting for whether the genetic mother raised the nestlings, i.e. whether they 
were cross-fostered. *Plumage colour score of the within-pair sire. 
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Fig. 6.3. Difference in length of eighth primary feather at fledging for maternal half-sibling 
mountain bluebirds according to the predicted difference in paternal genetic quality, under 
reduced (supplemented) and natural (control) levels of nutritional stress. The difference in 
paternal genetic quality was estimated by the plumage score of the within-pair male; when 
the within-pair male was relatively dull (open circles), extra-pair offspring (EPO) were of 
potentially higher quality than their within-pair half-siblings. In contrast, when within-pair 
offspring (WPO) were sired by a male with a high plumage score (filled circles), they were 
predicted to be of potentially equal, or higher, quality compared to their extra-pair half-
siblings. Differences were calculated as EPO -WPO values, so positive differences indicate 
that EPO grew their flight feathers longer than WPO, whereas negative values indicate the 
reverse. Shown are marginal means accounting for the effect of difference in mass of half-
siblings at hatching. 
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prospective mates according to relevant indicator traits. If males exhibiting high-quality 
ornamental traits do not invariably produce offspring of similarly high quality as a result of 
gene-by-environment interactions, however, females may be selected to seek matings with 
multiple males as a form of genetic bet-hedging (Jennions and Petrie 2000). Relatively few 
studies, particularly of natural avian populations, have directly assessed the linkage between 
male ornament quality and the quality of offspring they sire, using an approach that allows 
the isolation of genetic from environmental effects. The reliability of this linkage, however, 
may be essential in driving the evolution of female extra-pair mating in socially 
monogamous birds. In this study, I examined the phenotypic quality of 222 nestling 
mountain bluebirds in relation to the plumage quality of both their genetic and social fathers. 
This analysis included 128 nestlings that were experimentally cross-fostered and 94 extra-
pair offspring whose genetic father was known. Nestlings that were sired by brighter, bluer 
males grew longer primary flight feathers than nestlings sired by dull males, but only when 
they were raised by social fathers displaying similarly high-quality ornamental plumage (Fig. 
6.2). This suggests that plumage colour of male bluebirds may indeed indicate their genetic 
quality, and offspring of brightly coloured males may be capable of producing high-quality 
phenotypic traits while still in the nest; however, this phenotypic expression appears to be 
limited by rearing conditions. That this linkage between sire and offspring quality is context-
dependent supports the hypothesis that EPP represents a form of genetic bet-hedging by 
female birds. 
Since high-quality males do not invariably produce offspring of similarly high 
phenotypic quality, it is perhaps not surprising that genetic benefits of extra-pair mate choice 
by female birds, measured by comparisons between maternal half-siblings, appear to depend 
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on natal environment for a range of species (e.g. Schmoll et al. 2005; Garvin et al. 2006; 
O'Brien and Dawson 2007). To date, however, this context-dependence has only been 
demonstrated under naturally varying environmental conditions, and the need for 
experimental examinations of this question in free-ranging bird populations has been 
recognized (Schmoll et al. 2005). To my knowledge, the present study represents the first 
such experimental demonstration of the context-dependence of genetic benefits of EPP in a 
socially monogamous bird: EPO in my study population of bluebirds grew longer flight 
feathers than their within-pair half-siblings only in broods provided with supplemental food 
throughout the nestling period (Fig. 6.3). My analyses also accounted for the maximum 
potential difference in quality of maternal half-siblings, based on the difference in quality of 
sire plumage ornamentation (estimated by plumage score of the resident male; Fig. 6.3). 
Indeed, supplemented EPO only out-performed their within-pair half-siblings under 
conditions where I predicted a large difference in paternal genetic quality: when the plumage 
quality of the resident male was low and females were most likely to have "traded up" in 
their selection of extra-pair mates. Identification of extra-pair sires is a common difficulty in 
studies of EPP, including my own; however, I had sufficient comparisons of within- and 
extra-pair males over 3 years to show that plumage quality of the resident male alone 
provided an acceptable estimate of this potential difference (Fig. 6.1). It is therefore essential 
that future studies estimate the difference in quality of within- and extra-pair sires according 
to relevant indicator traits, since this establishes the maximum potential difference in quality 
of maternal half-siblings expected due to paternal genetic contribution alone (see also 
Sheldon etal. 1997). 
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The genetic bet-hedging model predicts that even females paired with high-quality 
social mates may benefit from extra-pair mating in some contexts, and my results indicate 
that females paired with highly ornamented males indeed benefited from extra-pair 
fertilizations under less favourable conditions (Fig. 6.3, control broods). This result may 
reflect heritable differences in allocation of limited resources to growth; the genetic 
contribution from highly ornamented males may have the potential to produce a high-quality 
phenotype in offspring, but the realization of this genetic potential might require sufficient 
energetic input (Fig. 6.3, supplemented broods). Indeed, vertebrate genotypes selected for 
rapid somatic growth in captive breeding contexts only outperform slower-growing 
genotypes under conditions of high food availability (Sundstrom et al. 2005), and may be less 
tolerant to low-resource environments (Sundt-Hansen et al. 2007). Hence, the fitness benefits 
of producing offspring sired by highly ornamented males, although potentially considerable, 
cannot necessarily be anticipated by female birds in advance, since conditions during the 
nestling stage may be unpredictable early in the breeding season. Females mating with 
multiple males even when paired with social mates of high phenotypic (and genetic) quality 
may therefore represent a form of genetic bet-hedging in at least some bird species. 
The effect of food availability that I detected on the expression of genetic variation in 
nestling mountain bluebirds may suggest a mechanism for my initial finding that genetic 
offspring of males displaying bright blue plumage were only of high phenotypic quality if 
they were also raised by a high-quality male (Fig. 6.2). If highly ornamented male bluebirds 
are able to defend higher quality territories with more food (a prediction that requires testing 
in this species, but has been demonstrated in others, e.g. Keyser and Hill 2000), or if females 
paired with high-quality males invest more in feeding young (i.e. differential allocation, 
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Burley 1988; but see Balenger et al. 2007), then nestlings raised by brighter blue males 
would indeed have access to more food during development. Those nestlings that were also 
sired by bright blue males, to the extent that male plumage colour reflects their genetic 
quality, were therefore able to express a higher-quality phenotype under these relatively 
favourable developmental conditions compared to nestlings sired by dull males (Fig. 6.2). 
Effects of my food supplementation experiment on relative performance of maternal half-
siblings also provide experimental support for the finding that, across species, genetic 
variation in morphometric traits is expressed to a greater extent under favourable, rather than 
stressful, conditions (Charmantier and Durant 2005). It is perhaps also significant that 
supplemented females in my study population were less likely to have EPP in their second 
broods compared to control females (see Chapter 5). This may have in part been a response 
of females to the perceived quality of their social mate via provisioning of supplemental 
food, as I suggest in Chapter 5. Results of the present study, however, suggest that the 
reduced probability of EPP following supplementation throughout first broods may indicate 
that female bluebirds paired with high-quality males will be less likely to seek extra-pair 
mates in subsequent breeding attempts when local environmental conditions are assessed to 
be favourable - and predictable - enough that genetic benefits of within-pair fertilizations are 
more likely to be realized, and the potential fitness benefits of genetic bet-hedging via EPP 
may be reduced. Extra-pair mating may therefore be less common in populations or species 
that have historically been exposed to such conditions; however, comparative or longitudinal 
experimental studies are needed to address this possibility. 
In some bird species, EPO are disproportionately male (Johnson et al. 2009a), or non-
randomly positioned within the egg laying and hatching sequence (Krist et al. 2005; Johnson 
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et al. 2009b; Magrath et al. 2009), and these non-genetic factors can have important effects 
on nestling phenotype. As a result, these effects may either enhance or obscure phenotypic 
differences between maternal half-siblings that are due to paternal genetic contribution, and 
so may limit our understanding of the true fitness benefits of female mating decisions. In this 
study, I matched half-siblings by sex to eliminate the possibility of apparent genetic effects 
being instead due to sex differences in phenotype, and I also accounted for position of half-
siblings in the hatching order using difference in mass at day 1 as a covariate in all analyses. 
Indeed, I found that male nestlings were overall heavier at fledging than females (Table 6.1). 
Moreover, initial position in the brood size hierarchy affected relative length of primary 
feathers of maternal half-siblings for both male and female dyads, with the nestling that was 
heavier at day 1 fledging with longer flight feathers (Table 6.2). These phenotypic 
differences that I detected support the suggestion that studies using EPP to isolate genetic 
benefits of mate choice must also account for non-genetic effects on phenotype in within-
brood analyses, particularly since genetic effects on phenotypic traits are likely to be small 
(Meller and Alatalo 1999). 
I provided supplemental food to breeding pairs of bluebirds throughout the nestling 
stage, and while I frequently observed both adults delivering food into the nest box, I cannot 
be certain that supplemental food was distributed equally among nestlings in a brood. This 
would be of relevance to my interpretation of the results of the within-brood comparisons if, 
at least in broods in which sires of WPO had low plumage scores, EPO were 
disproportionately provisioned over their maternal half-siblings. It is conceivable that 
females paired with relatively dull males might have used supplemental food to preferentially 
feed EPO if they were recognizable by sex or relative size compared to WPO; however, my 
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analysis controlled for sex differences and accounted for relative size at hatching, yet I still 
detected an effect of supplementation on relative primary feather length of EPO. It is not 
clear what other cues parent birds could use to identify nestlings according to their paternity. 
Moreover, nearly a third of the half-sibling pairs included in this analysis were cross-
fostered, and hence were not raised by their genetic mother. Since this variable did not 
predict relative nestling performance, post-hatching maternal (or paternal) effects are 
unlikely to have generated the observed differences in phenotypic quality between EPO and 
WPO. Differential pre-hatching maternal investment, however, can also have significant 
effects on offspring phenotype (Mousseau and Fox 1998), and female birds may be capable 
of adjusting their investment in individual eggs according to the attractiveness of males they 
have mated with (Gil et al. 1999; Cunningham and Russell 2000). My results suggest, 
however, that even if female bluebirds invested more resources in eggs fertilized by males of 
higher quality than their social mate, these investments were insufficient to affect the relative 
phenotypic quality of EPO except under favourable rearing conditions, and in fact would 
have apparently been detrimental for the same phenotypic measures when nestlings were 
raised under less favourable conditions (Fig. 6.3). 
The degree of expression of genetic variation often varies during early ontogeny (e.g. 
Evans et al. 2010), and over the lifetime of individuals (Reale et al. 1999; Charmantier et al. 
2006). In this study, I showed that paternal genetic quality, determined by the quality of male 
structural plumage ornamentation, predicted plumage development prior to fledging in 
nestling mountain bluebirds reared under favourable nutritional conditions. Recruitment data 
for my study population indicate that primary feather length at fledging predicts the same 
trait among both male and female yearling breeders, and so these results suggest that paternal 
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genetic effects on offspring phenotype may extend at least into early adulthood. Moreover, 
wing feather length of adult male bluebirds is positively correlated with their plumage 
colouration (Balenger et al. 2007; O'Brien and Dawson, unpublished data), suggesting that 
sons sired by high-quality males may not only maintain longer feathers into adulthood, but 
may also express higher quality ornamental plumage, a trait that in turn predicts reproductive 
success of males in this species (Balenger et al. 2009a; Chapter 5). Additional longitudinal 
investigations of this and other socially monogamous bird species are necessary, however, to 
determine whether context-dependent genetic benefits of EPP are indeed evident in the 
phenotype, and ultimately fitness, of individual offspring over their lifetime. 
Gene-by-environment interactions may be an important mechanism preventing the 
erosion of genetic variation due to female mating preferences, yet GEIs may also 
paradoxically render unreliable those male traits upon which female preferences are based. 
Females may therefore engage in multiple mating as a form of genetic bet-hedging, and this 
strategy would be expected to evolve providing that females gain a fitness payoff from 
multiple mating in at least some environmental contexts. Results of this study support the 
predictions of a GEI-mediated genetic bet-hedging model of female multiple mating as it 
applies to EPP in socially monogamous birds: male plumage ornamentation predicted 
offspring quality, but only under favourable rearing conditions, and genetic benefits of extra-
pair mate choice in relation to plumage quality were similarly context-specific. 1 suggest that, 
in some bird species, females may seek extra-pair fertilizations with high-quality males not 
simply to improve upon their initial choice of a social mate, but rather to compensate more 
generally for environmental contingency in the phenotypic expression of genetic variation in 
their offspring. 
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7. Synthesis 
Organisms must allocate limited resources to multiple life-history traits over their 
lifetime, within the constraints imposed by both intrinsic and environmental factors (Stearns 
2000). Individual variation in investment in different life-history traits may be in part a 
consequence of interactions among these factors, yet few studies of life-history traits in wild 
animal populations have simultaneously examined multiple predictors or their interactions. I 
used an experimental approach to investigate the influence of several proximate factors on 
patterns of life-history trait investment in a wild population of mountain bluebirds, focusing 
separately on the juvenile and adult stages of the life cycle. Simultaneous manipulations 
allowed me to assess interactions between experimental variables and inherent characteristics 
of individuals (e.g. sex, age or quality, genetic composition), and hence to examine patterns 
of life-history investment within the context of the ecological complexity encountered by 
organisms inhabiting natural environments. 
Environmental conditions that organisms are exposed to at different stages of their 
life cycle may have important effects on their ability to invest in growth, reproduction or self-
maintenance, and several of the manipulations that I carried out in my research altered some 
aspect of the environment to which nestling or adult bluebirds were exposed. During the 
nestling stage, many birds encounter nest-dwelling parasites that exclusively or 
predominantly feed on avian young, and these can represent an important energetic constraint 
during the rapid development that is characteristic of altricial bird species (Simon et al. 
2004). In 2006,1 experimentally removed ectoparasites from nests; by simultaneously 
increasing the availability of dietary carotenoids to nestlings, I showed in Chapter 2 that 
parasites may be an important ecological factor driving the trade-off between investment of 
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antioxidant compounds into growth versus immunity during development (Fig. 2.3). Previous 
experimental studies have demonstrated parasite-mediated trade-offs between growth and 
immune investment in other altricial bird species (Tschirren and Richner 2006); however, my 
results show that this trade-off may be influenced specifically by dietary carotenoid 
availability. Maternal effects may be an important force in evolution (Badyaev and Uller 
2009), and in Chapter 2 I also showed that maternal effects on immunity were only evident 
when parasites were removed from nests. This indicates that variation in the effects of 
maternal investments on offspring phenotype must be interpreted within an ecological 
context, in particular within the context of parasitism (Tschirren et al. 2004; Badyaev et al. 
2006). 
There are several hypotheses that predict different distributions of parasites among 
nestlings within asynchronously hatching avian broods, one of which (the "Tasty Son 
Hypothesis") I proposed in Chapter 3. These are founded on the assumption that growth-
immunity trade-offs are not experienced equivalently among nestlings within a brood. 
Indeed, in Chapter 3,1 showed that last-hatched nestlings did not increase their cell-mediated 
immune response when provided with supplemental carotenoids, suggesting different 
investment strategies by nestling bluebirds according to their position within the brood size 
hierarchy. My results did not, however, support the hypothesis that asynchronous hatching of 
eggs within avian clutches represents an adaptive response to parasites, since last-hatched 
nestlings did not show a differential benefit from parasite removal. The results presented in 
Chapter 3 instead highlight the fact that investments in life-history traits are achieved within 
the context of life-history investments by other organisms; my results suggested that 
ectoparasites differentially affect nestlings positioned in the middle of the brood size 
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hierarchy, and hence that parasites may 'forage optimally' among hosts by balancing host 
nutritional quality against immune defense. 
To examine the influence of food availability on several measures of life-history trait 
investment by adult birds, I conducted a supplemental feeding experiment over two study 
years. In one of these years, enhanced food availability increased the probability of female 
bluebirds double brooding, irrespective of their age or quality, and regardless of the hatching 
date of their first clutch (Fig. 4.1). This showed that within populations, annual fecundity of 
female birds is generally limited by nutritional or energetic constraints, although annual 
variation in weather patterns early in the season may limit productivity within a season 
regardless of subsequent food availability. Food supplementation also affected patterns of 
paternity in second broods, indicating an effect on female mating behaviour (Chapter 5). I 
suggest this may have been a consequence of female perception of the quality of their social 
mate via the effect of supplementation on male reproductive investment. Finally, the 
potential fitness consequences of females obtaining extra-pair fertilizations from highly 
ornamented males were evident only in supplemented broods: extra-pair offspring that were 
predicted to be of higher genetic quality based on paternal plumage ornamentation exceeded 
their maternal half-siblings in growth of flight feathers (a trait that predicts adult feather 
length) only in broods that were provided with supplemental food (Fig. 6.3). Food 
availability therefore has the potential to affect investment in multiple life-history traits, 
including annual fecundity of individual females (and hence population-level productivity), 
as well as the strength of sexual selection, by influencing both the probability of females 
seeking extra-pair mating opportunities and the expression of genetic benefits of mate choice 
in offspring phenotype. 
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Studies that use food supplementation to investigate nutritional constraints 
influencing life-history strategies also create a more predictable environment by providing a 
consistent food resource. Whether organisms respond to an increase in energy intake or 
simply to the increased degree of predictability of food resources therefore cannot necessarily 
be distinguished in supplementation experiments such as mine; female bluebirds may have 
been more likely to double-brood (Chapter 4), and less likely to seek extra-pair fertilizations 
(Chapter 5), in response to the perceived consistency of food availability throughout first 
breeding attempts, and expected availability during subsequent attempts. These results 
nevertheless indicate that environmental conditions influencing the patterns of abundance 
and availability of insect prey are important factors that in turn influence life-history traits of 
mountain bluebirds, including mating behaviour and the number of young produced within a 
breeding season. 
Results of my food supplementation experiment highlight the potential effects of 
anthropogenic food provisioning on reproductive investment decisions of wild birds. 
Although much supplemental feeding currently occurs outside of the breeding season, there 
is evidence for carry-over effects into subsequent breeding seasons in some measures of 
avian reproductive investment (e.g. clutch size and timing of breeding; Brommer et al. 2004), 
and there is a trend toward provisioning year-round (Jones and Reynolds 2008). Results of 
my study suggest that such artificial enhancement of food availability may have additional 
effects on reproductive behaviour, patterns of female paternity allocation, and ultimately 
sexual selection and genetic variation within temperate songbird populations. Given the 
economic and social significance of the wild bird feeding industry (68 million people feed 
wild birds in the United States, spending approximately $4 billion on bird food and feeders, 
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US Dept. Interior, Fish and Wildlife Service 2006; up to 75% of the population in the UK 
spend US $440 million feeding wild birds, Jones and Reynolds 2008), additional research is 
needed to investigate the effects of this widespread activity on life-history traits in wild bird 
populations. 
The results of my research highlight several directions for future investigations of 
patterns of avian life-history trait investment. Much of the literature on host-parasite 
interactions has focused on host susceptibility and defense, whereas comparatively few 
studies have investigated host selection strategies of ectoparasites and their response to host 
defenses. Results presented in Chapter 3 suggest that ectoparasitic blow fly larvae 
differentially affected nestling bluebirds positioned in the middle of the brood size hierarchy 
(Fig. 3.3), yet we know very little about the host selection behaviour of these or other 
intermittently-feeding parasites. A more complete understanding of developmental processes 
in nestling birds is contingent on the study of life-history strategies of their parasites (e.g. 
Roulin et al. 2003), since avian hosts invest in growth and immune defense within the 
context of feeding activities of parasites to which they are exposed. 
Food supplementation during first broods suggested that male parental investment 
may influence subsequent female mating decisions within a breeding season (Chapter 5); this 
effect may also extend over multiple breeding seasons. Future studies should therefore 
investigate variation in male reproductive investment, particularly in provisioning females 
during incubation, and offspring during the nestling and post-fledging periods, and relate this 
to patterns of paternity between breeding seasons. That may include effects on male within-
pair fertilization success for pairs that breed together over successive seasons, as well as 
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extra-pair fertilizations with social mates from previous seasons that breed in neighbouring 
territories in subsequent years. 
Many studies of migratory bird populations are limited by low rates of local juvenile 
recruitment, and so linkages between the nestling and adult stages of the life cycle are poorly 
understood. However, future studies should strive to examine the linkage between early 
rearing conditions and adult phenotypic quality (e.g Tschirren et al. 2009). In particular, it 
will be important to quantify the relative contributions of genetic and environmental variation 
to phenotypic traits such as plumage ornamentation, since the reliability of these traits as 
indicators of genetic quality is a critical assumption of indirect genetic benefits models of 
female mate choice. Recent studies have shown that even weak gene-by-environment 
interactions can reduce the effectiveness of traits as indicators of genetic quality, and hence 
limit the evolution of female preferences (Higginson and Reader 2009). In Chapter 6,1 
showed that nestlings sired by males displaying high-quality plumage ornamentation had the 
potential to develop a high-quality phenotype, but did so only under relatively benign 
developmental conditions (Fig. 6.2, 6.3). This suggests that gene-by-environment interactions 
indeed have the potential to disrupt the linkage between genetic and phenotypic quality in 
mountain bluebirds, and potentially other bird species. Hence, gene-by-environment 
interactions may reduce the strength of female mating preferences, thereby maintaining 
genetic variance within populations of birds inhabiting heterogeneous environments. Taken 
together, the results of this thesis demonstrate that avian investment in life-history traits such 
as growth, immune defense and reproduction represents an outcome of interactions among 
inherent properties of individuals and the environmental conditions to which they are 
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exposed, and future experimental studies should strive to further investigate the complexity 
of these interactions. 
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